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Fungi have been interacting with plants for more than 400 million years since the plants
established on land (Krings et al. 2007). Plant-fungus interactions are very diverse and range
from symbiotic, mutualistic to parasitic (Rai and Agarkar 2016). Because a parasitic lifestyle
can have a devastating impact on host-plants, this type of lifestyle has been extensively studied
in many plant-fungus interaction systems (Lanver et al. 2017; Prasad et al. 2019; Selin et al.
2016; Toruño, Stergiopoulos, and Coaker 2016; de Wit 2016; Yan and Talbot 2016). The most
recent global wheat stem rust outbreak is caused by a fungal species, Puccinia graminis, which
can cause 100% yield loss of wheat (Fisher et al. 2012; Singh et al. 2011).
To colonize plants, pathogens secrete various enzymes to break down the physical barriers of
the plant, such as the cuticle and plant cell wall (Pietro et al. 2003; Toruño et al. 2016). Once
inside roots, microbe-associated molecular patterns (MAMPs) or damage-associated molecular
patterns (DAMPs) can be recognized by cell surface receptors. This activates a pattern-triggered
immunity (PTI) response (Jones and Dangl 2006). PTI responses include production of reactive
oxygen species (ROS), ion leakage, callose deposition, pathogenesis-related protein secretion
and secondary metabolite production, which together may restrict further growth of the pathogen
(Wang and Wang 2018). In turn, pathogens secrete virulence factors, called effectors, to suppress
PTI responses outside or inside of the plant cell (Jones and Dangl 2006). However, some of
these secreted effectors can be recognized by another type of plant immune receptors, resulting
in effector-triggered immunity (ETI) (Jones and Dangl 2006). Therefore, these effectors are also
called avirulence effectors. Plants and pathogens are involved in this never-ending arms race.
This general model of host-pathogen interactions has existed for over a decade (Chisholm et al.
2006; Jones and Dangl 2006), but some important questions are still largely unknown. These
include: how do effectors cooperate to establish infection and what are the minimal number
of effectors that a fungus needs to infect a host; why can some fungal species cause disease in
certain plants and not in others (host specificity); how does a fungal pathogen species switch to
a new host (Borah, Albarouki, and Schirawski 2018). To answer these questions are challenging
for most plant pathogenic fungi. Some obligate biotrophic fungi have relatively large genome
with very high percentage of repetitive elements, which makes it difficult to predict and identify
effector genes (Müller et al. 2019; Wicker et al. 2013). Moreover, in most fungi, effector genes
are located in different parts of the genome (Lanver et al. 2017; Prasad et al. 2019; de Wit 2016;
Yan and Talbot 2016). This is almost impossible to investigate the combined effect of these
effectors.
Fusarium oxysporum is an excellent model species to study these questions. Firstly, Fusarium
8
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oxysporum is known to cause disease on a large number of plant species, including many
economically important crops (Edel-Hermann and Lecomte 2019; Michielse and Rep 2009;
Pietro et al. 2003) and is ranked the fifth most important fungal plant pathogen (Dean et al. 2012).
Understanding how this fungus infects its host may give leads on how to improve breeding
strategies and agricultural practices and thus impact our food industry. Secondly, the Fusarium
oxysporum – tomato patho-system has been studied extensively and contributing to our current
knowledge on the evolutionary arms race between host and pathogens in this particular system
(Biju et al. 2017; Takken and Rep 2010). Thirdly, identification of genes that are involved in
infection of a particular host is relatively easy in Fusarium oxysporum. Individual strains differ
in host range and some are not even known to be pathogenic at all and are used as biocontrols.
Because strains within one lineage can have different host range, and the same host range
occurs in different lineages, candidate host-specific virulence genes are readily identified using
comparative genomics (van Dam et al. 2016; van Dam, de Sain, et al. 2017). This is further
facilitated by the fact that well over a hundred Fusarium oxysporum whole genome sequences
have been deposited in GenBank. Finally, Fusarium oxysporum is able to horizontally transfer
chromosomes and experimental setups to detect these interesting events are well–established
(van der Does and Rep 2012). This provides a unique opportunity to study the combined impact
of all genes on a chromosome on host range. In addition, we can use high-throughput techniques
to select for mutants that have lost (part of) a particular chromosome (Vlaardingerbroek et al.
2015). This, especially in combination with horizontal transfer of these partial chromosomes
allows us to further zoom in on the minimal gene set that is required for infection of a particular
host.
In the following parts, I will provide more detailed, relevant background information on what is
known about interactions between various Fusarium oxysporum strains and their host.

Fusarium oxysporum as a species complex
Fusarium oxysporum (Fo) is a presumed asexual fungal species that comprises both pathogenic
and non-pathogenic strains (Laurence et al. 2014). As a pathogen, it mainly infect plants but it is
also able to cause disease on immunocompromised patients (O’Donnell et al. 2007). As a plant
pathogen, it causes disease on more than 100 plant species (Edel-Hermann and Lecomte 2019),
including economically and socially important crops, such as banana (Ploetz 2015), cotton and
tomato (Summerell 2019). However, individual strains only have a limited host range, causing
disease in one or a few related plant species (Edel-Hermann and Lecomte 2019; Michielse and
Rep 2009; Pietro et al. 2003). Based on host specificity, Fo is classified into different formae
speciales (ff. spp.) (Pietro et al. 2003). According to a recent report, 106 different ff. spp. of
9
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Fo have been characterized. These include the tomato-infecting Fo f.sp. lycopersici (Fol) and
several cucurbit-infecting ff. spp., such as the melon infecting Fo f.sp. melonis (Fom) and the
cucumber, melon and watermelon infecting Fo f.sp. radicis-cucumerinum (Forc) (Edel-Hermann
and Lecomte 2019). In this thesis, Fol, Fom and Forc were the subject of investigation.
Some ff. spp. are subdivided into races based on differences in virulence on cultivars containing
different resistance genes within a plant species (Edel-Hermann and Lecomte 2019). For

1

instance, Fol is subdivided into race 1, race 2, and race 3, based on avirulence (absence of
virulence) on tomato plants with the I, I-2, or I-3 resistance gene, respectively (Takken and
Rep 2010). Other ff. spp. which have been subdivided into races include Fo f.sp. apii, Fo f. sp.
dianthi, Fo f. sp. cubense, and Fom (Edel-Hermann and Lecomte 2019).
To control diseases caused by Fo, the use of resistance plants or the rootstocks is the most practical
and environmentally friendly way. To control tomato wilt caused by Fol, the resistance genes I,
I-2 and I-3 have been introduced into cultivated tomato from wild tomato species (Catanzariti,
Lim, and Jones 2015; Simons et al. 1998). In addition, under specific circumstances other
methods can also be used. For example, soil sterilization can be employed in the glasshouses,
and biocontrol microorganisms may be applied to the soil (Huang et al. 2012; Larkin and Fravel
1998; Raza et al. 2017; Singh et al. 1999).

Interactions between Fusarium oxysporum and host plants
In Fol, fourteen Secreted In Xylem (SIX) proteins have been identified in the xylem sap of
infected tomato plants (Houterman et al. 2007; Schmidt et al. 2013). Of these Six proteins,
at least Six1, Six3 and Six5 contribute to virulence, since deletion each of these genes in Fol
results in a significant reduction in virulence (Ma et al. 2015; Takken and Rep 2010). Three
Six proteins, Six4, Six3 and Six1, act as avirulence proteins, as they are recognized by
tomato resistance proteins I, I-2 and I-3, respectively (Ma et al. 2015; Takken and Rep 2010).
Remarkably, all fourteen SIX genes are located on one single chromosome, and this chromosome
is required for pathogenicity to tomato plants – hence it is designated as the ‘pathogenicity
chromosome’ of Fol (Ma et al. 2010; Schmidt et al. 2013). Fol strains without a large part of the
pathogenicity chromosome, including SIX9, SIX6, and SIX11, show similar virulence as wild
type Fol (Vlaardingerbroek, Beerens, Schmidt, et al. 2016). In this thesis, I aimed to narrow
down the regions or genes on the Fol pathogenicity chromosome that are required for infecting
tomato plants.
SIX gene homologs have been commonly found in other ff. spp. of Fo (van Dam et al. 2016), and
10
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some of these homologs contribute to virulence to their host plants as well (van Dam, Fokkens, et
al. 2017; Li et al. 2016; Thatcher et al. 2012; Widinugraheni et al. 2018). For instance, homologs
of SIX6, SIX9, SIX11 and SIX13 have been found in Forc016, and SIX6 contributes to virulence
on cucumber plants (van Dam, Fokkens, et al. 2017). Homologs of SIX1, SIX4, SIX8, and SIX9
are present in the genome of Arabidopsis-infecting isolate Fo5176, and SIX1 deletion mutants
of this strain show significantly reduced virulence (Thatcher et al. 2012).

Horizontal chromosome transfer and host range in Fusarium oxysporum
In Fo, strains within the same f. sp. generally belong to more than one clonal line, defined as a
vegetative compatibility group (VCG) (Katan 1999), and strains belonging to different ff. spp.
may be more related than strains belonging to the same f. sp. (Lievens, Houterman, and Rep
2009). However, different clonal lines belonging to the same f. sp. have identical or almost
identical SIX gene sequences, strongly suggesting horizontal transfer within Fo species complex
(van Dam et al. 2016). Indeed, horizontal chromosome transfer (HCT) has been experimentally
demonstrated in Fo (van Dam, Fokkens, et al. 2017; Ma et al. 2010; Vlaardingerbroek,
Beerens, Rose, et al. 2016). When co-incubating Fol with a non-pathogenic Fo strain, the Fol
pathogenicity chromosome can be transferred to the non-pathogen, turning the recipient strain
into a tomato infecting strain (Ma et al. 2010; Vlaardingerbroek, Beerens, Rose, et al. 2016).
In some cases, the smallest chromosome in Fol007 was co-transferred (Ma et al. 2010). (Part
of) core chromosome 7 and 8 in Fol4287 could also be transferred. This was accompanied by
loss of the homologous regions in the recipient strain, Fo47 (Vlaardingerbroek, Beerens, Rose,
et al. 2016). In this thesis, I investigate whether partial pathogenicity chromosomes in Fol can
be transferred, and whether partial pathogenicity chromosomes can turn a non-pathogen into a
pathogen.
HCT within Fo has also been demonstrated for Forc (van Dam, Fokkens, et al. 2017). The
SIX6-containing chromosome, chrRC, can be transferred to a non-pathogenic Fo strain, and the
recipient strain becomes pathogenic on cucumber, melon and watermelon plants (van Dam,
Fokkens, et al. 2017). It was found that contig 127 of melon-infecting strain Fom001 is largely
syntenic with chrRC, and identical sequences of SIX6 and SIX11 are present on contig 127. In this
thesis, I assess the transferability of this SIX6-containing chromosome in Fom001 and a highly
similar chromosome in Fom005. Furthermore, I identify a gene on the melon pathogenicity
chromosome that partly determines the difference in host range between Forc and Fom.

Genome stability and chromosome dispensability in Fusarium oxysporum
11
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Many plant-pathogenic fungi have a so-called multi-speed genome: a slowly evolving core
genome containing all housekeeping genes and a faster evolving accessory genome with
conditionally dispensable genes that only confer fitness under certain conditions (Dong,
Raffaele, and Kamoun 2015; Raffaele and Kamoun 2012). In a recent study, by comparing
the genome of the reference strain Fol4287 with the genomes of other 58 Fo strains, Fol4287
has been shown to also have multi-speed genome, including eight slowly evolving conserved
core chromosomes, three ‘fast core’ chromosomes, and four accessory chromosomes (Fokkens
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et al. 2018). The eight largest chromosomes are indispensable and enriched in histone H3K4
methylation. The three smaller, fast core chromosomes are more divergent and are enriched
in genes that are differentially expressed during infection, and enriched in histone H3K27
methylation. The four accessory chromosomes and parts of chromosome 1 and chromosome 2
have no counterpart in other Fusarium species or other ff. spp. of Fo and are also enriched in
H3K27 methylation and genes that are highly expressed during infection (Fokkens et al. 2018;
Ma et al. 2010). Furthermore, the accessory chromosomes are enriched in transposons, and have
a higher nonsynonymous mutation rate than the core genome. A multi-speed genome may have
certain advantages in the evolutionary arms race between pathogens and plants. It could allow
to accommodate conflicting evolutionary demands and to adapt relatively quickly to a changing
environment (Fokkens et al. 2018). For example, most host-specific pathogenicity genes in plant
pathogens are located in the fast-evolving part of the genome, which could allow the pathogens
to generate new virulence genes or to avoid recognition of avirulence proteins by plant receptors
through gene deletions or mutations (Dong et al. 2015).
The stability and dispensability of core chromosomes, fast core chromosomes and accessory
chromosomes in Fol4287 has been studies previously (Vlaardingerbroek, Beerens, Schmidt,
et al. 2016). Core chromosome 1 is highly stable and deletions bigger than 200 kb have
never been observed. One of the fast core chromosomes, chromosome 12, has been shown
to be dispensable for virulence and vegetative growth (Vlaardingerbroek, Beerens, Schmidt,
et al. 2016). Complete loss of some accessory chromosomes, including the pathogenicity
chromosome and the smallest chromosome, have been observed, and strains carrying up to
1 Mb deletions in accessory chromosomes or the dispensable part of core chromosomes have
been obtained (Vlaardingerbroek, Beerens, Schmidt, et al. 2016). The loss rate of the Fol
pathogenicity chromosome was estimated to be around 1 in 35,000 spores (Vlaardingerbroek,
Beerens, Schmidt, et al. 2016). In this thesis, I investigated the stability of both arms of the Fol
pathogenicity chromosome and other parts of the genome.
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Thesis outline
In Chapter 2, genes determining host-specificity in plant pathogenic fungi are reviewed. Most
of these genes determine host specificity within plant species, while a few avirulence genes
determine host specificity both within and between plant species. In addition, virulence factors
and host selective toxins are responsible for host specificity in some plant pathogenic fungi.
The genomic context of these ‘host specificity genes’ and the role of horizontal transfer of these
genes in host-specificity are discussed.
In Chapter 3, I continue investigation of the Fol-tomato patho-system, focusing on pathogenicity
and chromosome transferability. To narrow down genes or regions on the Fol pathogenicity
chromosome that are required for virulence, I selected partial chromosome deletion strains
by fluorescence-assisted cell sorting of a strain with the GFP and RFP genes on either arm
of the Fol pathogenicity chromosome. By assessing virulence of deletion strains, I show that
the complete long arm and part of the short arm of the pathogenicity chromosome are not
required for virulence. The remaining part of the pathogenicity chromosome, that all virulence
deletion strains have in common, includes approximately 80 predicted protein-coding genes,
and several of these may contribute to virulence. I also show that the smaller versions of the
pathogenicity chromosome are transferrable, and they are sufficient to turn a non-pathogen into
a tomato-infecting strain. Surprisingly, the horizontal transfer (recipient) strains with a smaller
version of the pathogenicity chromosome are much more aggressive than those with a complete
pathogenicity chromosome. By whole genome sequencing of some deletion strains, I find that
deletions in the pathogenicity chromosome mainly occur in or close to repetitive regions, and
that spontaneous duplication of sequences in accessory regions is frequent both in chromosome
deletion strains and in horizontal transfer strains.
In a recent study, horizontal chromosome transfer (HCT) has been shown for Forc016. The
mobile chromosome in this strain, chrRC, determines pathogenicity on multiple cucurbits,
including cucumber, melon and watermelon. It was shown to be largely syntenic with a contig
in the genome assembly of the melon-infecting strain Fom001. In Chapter 4, I demonstrate
that the chrRC-syntenic chromosomes in Fom001 and Fom005 can also be transferred to a nonpathogen, turning the recipient strain into a melon-infecting strain. Co-transfer of a second
chromosome is shown using Fom005 as the donor strain. In addition, I show that the differences
between chrRC and transferred chromosomes of Fom determine the difference in host range
between Forc and Fom. In Chapter 5, I set out to find genes determining the difference in host
range between Forc and Fom. By comparing chrRC with transferred chromosomes of Fom, I
selected eleven candidate genes, including 10 candidate virulence genes from Forc and one
candidate avirulence gene from Fom, for functional verification. I show that a single gene from
Fom can turn Forc016 non-pathogenic to cucumber plants. Finally, I discuss implications of the
results of this thesis in Chapter 6.
13
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Abstract
Fungi can cause disease on a wide range of plant species, and in most cases in a host-specific manner.
The mechanisms of host specificity have been extensively studied in many plant-pathogenic fungi, especially in fungal pathogens causing disease on economically important crops. Specifically,
genes involved in host specificity have been identified during the last few decades. In this review,
we describe and discuss these host-specificity genes. In addition, the genomic context of these
genes and the role of horizontal gene and chromosome transfer in host specificity will be discussed.
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Introduction
Plant diseases caused by fungi are recognized as a major threat to food security (Doehlemann
et al. 2017; Fisher et al. 2012; Pennisi 2010). For example, wheat stem rust caused by
Puccinia graminis, Asian soybean rust caused by Phakopsora pachyrhizi, rice blast caused
by Magnaporthe oryzae, potato blight caused by Phytophthora infestans, and banana black
sigatoka caused by Mycosphaerella fijiensis have caused serious yield losses in human history
(Pennisi 2010).
The collective host range of a fungal species can be very large, but usually individual strains
within a fungal species are limited to infect one or a few plant species only (Borah, Albarouki,
and Schirawski 2018). Based on host range, these strains within a fungal species are classified
into different pathotypes or formae speciales (ff. spp.). Here I call this phenomenon host species
specificity. These formae speciales are sometimes further divided into different races depending
on the particular cultivars of a plant species that they are able to infect, which I call host cultivar
specificity. For example, Fusarium oxysporum is classified into more than 100 formae speciales
based on host species specificity, including the tomato-infecting strain Fusarium oxysporum
f.sp. lycopersici (Fol). Fol itself is subdivided into three races based on host cultivar specificity
(Takken and Rep 2010). The molecular basis of host cultivar specificity has been extensively
studied in many plant pathogenic fungi, while the molecular basis of host species specificity is
less well understood (Lanver et al. 2017; Prasad et al. 2019; Lo Presti et al. 2015; Selin et al.
2016; de Wit 2016; Yan and Talbot 2016). In this review, the term host specificity includes both
host species specificity and host cultivar specificity.
To understand the genetic basis of host specificity in plant pathogenic fungi, the interactions
between pathogens and plants have been extensively studied. To defend themselves against
fungal pathogens, plants have evolved two layers of immunity (Jones and Dangl 2006). The
first layer of immunity responds to pathogen-associated molecular patterns (PAMPs) common
to many microbes, including non-pathogens, and this defense system is called PAMP-triggered
immunity (PTI) (Jones and Dangl 2006). The second layer of defense comprises pathogenproduced effectors that are directly or indirectly recognized by plant resistance (R) proteins,
resulting in effector-triggered immunity (ETI) (Jones and Dangl 2006). These effectors are
commonly small, secreted proteins used by the pathogen to suppress PTI responses to facilitate
colonization; some effectors target plant susceptibility (S) proteins, resulting in effectortriggered susceptibility (ETS). To evade effector recognition by plant R proteins, pathogens can
undergo loss or mutation of the corresponding effector genes (Jones and Dangl 2006; Wang and
Wang 2018). As a result, pathogens and plants are involved in a never-ending arms race, and the
outcome of this arms race determines host specificity.
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The arms race between pathogens and plants results in relatively fast evolution of effectors, R
and S proteins (Jones and Dangl 2006; Wang and Wang 2018). In general, effectors promote
virulence and are therefore virulence factors. Effectors that are recognized by R proteins are
(also) called avirulence (Avr) factors. These avirulence and virulence factors determining
resistance and susceptibility of plants respectively, are considered to be host specificity factors
and have been identified in many plant pathogenic fungi (Lanver et al. 2017; Prasad et al. 2019;
Selin et al. 2016; Toruño, Stergiopoulos, and Coaker 2016; de Wit 2016; Yan and Talbot 2016).
In addition to pathogen secreted proteins that can determine host specificity, some secondary
metabolites can also act as host specificity determinants, such as host selective toxins (HSTs) in
Alternaria alternata (Tsuge et al. 2013).

2

Here we first will discuss host specificity factors in different plant pathogenic fungi, including
specific avirulence factors, virulence factors, and secondary metabolites. Moreover, the context
of the genomic regions where genes encoding these host specificity factors are located, will be
briefly evaluated.

Avirulence factors determining host specificity in plant pathogenic fungi
Avirulence genes determining host cultivar specificity have been identified in various fungal
species, including Fusarium oxysporum (F. oxysporum), Cladosporium fulvum (C. fulvum),
Leptosphaeria maculans (L. maculans), Magnaporthe oryzae (M. oryzae), Rhynchosporium
secalis (R. secalis), Melampsora lini (M. lini), Puccinia graminis (P. graminis) and Blumeria
graminis (B. graminis), while genes determining host species specificity have thus far only been
found in M. oryzae and B. graminis. Below I provide a brief overview of these cases.
Fusarium oxysporum (F. oxysporum)
F. oxysporum is a soil-borne (presumably) asexual fungal species, which causes vascular wilt
and root rot (Edel-Hermann and Lecomte 2019). Avirulence genes in F. oxysporum determining
host cultivar specificity have been identified in several formae speciales, including F. oxysporum
f.sp. lycopersci (Fol) (Takken and Rep 2010), F. oxysporum f.sp. melonis (Schmidt et al. 2016)
and F. oxysporum f.sp. niveum (Niu et al. 2016). Here, we will only review the avirulence (AVR)
genes identified in Fol, which infects tomato.
In Fol three races can be distinguished based on their capability to infect tomato cultivars
containing different resistance genes to Fol (Takken and Rep 2010). Race 1 contains three AVR
genes, notably AVR1, AVR2 and AVR3. The protein encoded by resistance gene I recognizes
the product of AVR1, upon which the immune system is activated in the plant (Houterman,
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Cornelissen, and Rep 2008). Avr1 also suppresses recognition of Avr2 and Avr3 by resistance
proteins I-2 and I-3, respectively (Houterman et al. 2008). AVR1 is absent in race 1 isolates,
leading to loss of recognition by I-1 and emergence of race 2 (Houterman et al. 2008). The
I-2 resistance gene was introduced into tomato cultivars to protect them against race 2. The
I-2 protein recognizes Avr2 (Houterman et al. 2009; Ma et al. 2015). Mutations in AVR2
subsequently emerged such that the gene product was no longer recognized by I-2, resulting
in race 3 (Houterman et al. 2009). Resistance gene I-3 against race 3 was then introduced in
tomato cultivars, and the corresponding AVR3 gene, the product of which is recognized by the
I-3 protein, was identified in Fol as well (Houterman et al. 2009).
Among the three Fol AVR genes known, AVR1 is not required for full virulence on susceptible
hosts (Houterman et al. 2008), whereas AVR2 and AVR3 are required for full virulence
(Houterman et al. 2009; Rep et al. 2004). For activation of I-2-mediated resistance, not only
Avr2 is required, but also a Fol protein called Six5. Like Avr2, Six5 is required for full virulence
(Houterman et al. 2009; Ma et al. 2015). All the three Fol AVR genes encode proteins with
multiple cysteines, and are located on a single accessory chromosome with high density of
repetitive elements (Ma et al. 2010; Schmidt et al. 2013).
Cladosporium fulvum (C. fulvum)
C. fulvum is a non-obligate biotrophic fungal species, and the causal agent of tomato leaf mold
(de Wit 2016). In the 1970s, it was already found that the gene-for-gene relation between tomato
and C. fulvum is based on interaction of specific fungal products with specific resistance proteins
in tomato (van Dijkman and Kaars Sijpesteijn 1973).
The first fungal Avr protein was identified in C. fulvum in 1991 (van Kan 1991). Until now,
genes for ten small cysteine-rich Avr proteins of C. fulvum have been cloned, notably Avr2
(Kruger 2002), Avr4 (Joosten, Cozijnsen, and De Wit 1994), Avr4E (Westerink et al. 2004),
Avr5 (Mesarich et al. 2014), and Avr9 (van Kan 1991), Ecp1 (Laugé et al. 1997), Ecp2-1 (Laugé
et al. 1997), Ecp4 (Lauge et al. 2000), Ecp5 (Lauge et al. 2000) and Ecp6 (Bolton et al. 2008).
Recognition of the encoded proteins in tomato is mediated by the cognate Cf resistance proteins
Cf-2, Cf-4, Cf-4E, Cf-5 and Cf-9, Cf-Ecp1, Cf-Ecp2-2, Cf-Ecp4, Cf-Ecp5 and Cf-Ecp6,
respectively. All these C. fulvum Avr proteins and other apoplastic effector proteins have been
extensively reviewed previously (Rivas and Thomas 2005; Stergiopoulos and de Wit 2009; de
Wit 2016).
All C. fulvum Avr proteins are less than 300 amino acids in size and contain an even number of
at least four cysteine residues (Mesarich et al. 2014, 2018). A virulence function for Avr2, Avr4,
Avr5 and Ecp6 has also been demonstrated (Mesarich et al. 2014; Stergiopoulos and de Wit
2009). To avoid recognition by R proteins, several types of sequence modifications have occurred
in Avr effector genes of C. fulvum, including gene deletions, gene disruption by insertion of a
23

2

Chapter 2
transposon-like element, and nonsynonymous amino acid substitutions (Stergiopoulos and de
Wit 2009). The frequency of such mutations may have been enhanced due to the fact that all
these Avr genes are flanked by repetitive elements such as transposons (de Wit et al. 2012).
Leptosphaeria maculans (L. maculans)
L. maculans is a hemi-biotrophic ascomycete responsible for stem canker of oilseed rape (Petit-
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Houdenot and Fudal 2017). To date, nine AVR genes from L. maculans have been cloned,
AvrLm1, AvrLm2, AvrLm3, AvrLm4–7, AvrLm5 (AvrLmJ1), AvrLm6, AvrLm9, AvrLm10 and
AvrLm11, and all are located in repeat-rich, gene-poor genomic regions (Ghanbarnia et al. 2018;
PetitHoudenot et al. 2019; Rouxel and Balesdent 2017). For example, AvrLm2 (Ghanbarnia et
al. 2015), AvrLm4-7 (Parlange et al. 2009) and AvrLm5 (Plissonneau et al. 2018; Van de Wouw
et al. 2014) reside within AT-rich isochores of the genome, while AvrLm3 (Plissonneau et al.
2016) and AvrLm10 (PetitHoudenot et al. 2019) are located in subtelomeric regions. AvrLm11
is located on a dispensable mini-chromosome, which is frequently lost following meiosis
(Balesdent et al. 2013).
Repeat-induced point (RIP) mutation is a common mechanism for inactivation of Avr genes in
L. maculans (Daverdin et al. 2012). In addition, gene deletion (such as of AvrLm1 and AvrLm11)
(Balesdent et al. 2013; Gout et al. 2006), single nucleotide polymorphisms (such as in AvrLm6)
(Fudal et al. 2007), long terminal repeat insertion, single base pair deletions, and low expression
in planta all contribute to regaining virulence on oilseed rape (Daverdin et al. 2012).
Complex interactions between Avr proteins and R proteins have been demonstrated in L.
maculans. For instance, AvrLm1 can be recognized by both Lm1 and Lm3 (Gout et al. 2006;
Larkan et al. 2013). Similarly, AvrLm4-7 is recognized by Lm4 and Lm7 (Parlange et al. 2009).
Like in Fol, where Avr1 suppresses recognition of Avr2 and Avr3 by I-2 and I-3 respectively,
AvrLm4-7 suppresses recognition of AvrLm3 by Lm3 (Plissonneau et al. 2016). AvrLm3 is very
conserved in the fungal population despite its subtelomeric location, implying its importance for
fitness (Plissonneau et al. 2016). In addition, the avirulence function of AvrLm3 is masked by
AvrLm4-7, which protects it from diversifying selection (Rouxel and Balesdent 2017).
Magnaporthe oryzae (M. oryzae)
M. oryzae causes disease on more than 50 grass species, but individual strains can only infect
one or a few plant species. Both host cultivar specificity and host species specificity factors
have been identified in M. oryzae (Inoue et al. 2017; Wang, Ebbole, and Wang 2017), including
the Avr-Pita family (Orbach et al. 2000), Avr1-CO39 (Farman et al. 2002; Farman and Leong
1998), Pwl2 (Sweigard et al. 1995), PWT3/4 (Inoue et al. 2017) and Ace1 (Böhnert et al. 2004).
Several Avr factors contribute to host species specificity. Pwl2 functions as a host species
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specificity factor preventing infection of weeping lovegrass (Sweigard et al. 1995), while
PWT3 and PWT4 from Avena-infecting isolates are recognized by the corresponding resistance
proteins Rwt3 and Rwt4 in wheat, respectively (Inoue et al. 2017; Takabayashi et al. 2002).
Most M. oryzae Avr genes encode small secreted proteins (less than 200 aa), while Avr-Pita
encodes a protein with similarity to metalloproteases and Ace1 encodes a putative secondary
metabolite enzyme. Most Avr genes are located near the end of chromosomes and/or are
surrounded by transposons (Wang et al. 2017).
Diverse mechanisms contribute to loss of the avirulence function of effectors in M. oryzae. For
example, point mutations and insertions in and deletions of Avr-Pita permit the fungus to avoid
triggering a resistance response mediated by Pita (Orbach et al. 2000). In addition, transposable
element insertion in Avr-Pi9 (Wu et al. 2015), Ace1 (Fudal et al. 2005), Avr-Pi-zt (Li et al. 2009)
and Avr-Pib (Zhang et al. 2015), and segmental deletion in Avr-Pib (Zhang et al. 2015) render
the pathogen virulent.
The molecular interactions of seven pairs of Avr and R proteins have been studied (Wang et
al. 2017). Three modes of interaction have been demonstrated, including the direct interaction
between one R and one Avr protein (Ray et al. 2016), two R proteins interacting with one Avr
protein (Ashikawa et al. 2008), and two cooperating R proteins recognizing two Avr proteins
(Cesari et al. 2013; Okuyama et al. 2011).
Rhynchosporium secalis (R. secalis)
R. secalis is the causal agent of leaf scald on barley. Three low molecular weight necrosisinducing peptides (NIPs), designated Nip1 to Nip3, function as non-specific toxins on barley
(Wevelsiep, Kogel, and Knogge 1991). Nip1 is a race-specific elicitor of defense responses in
barley cultivars carrying the resistance gene Rrs1. The amino acid sequence encoded by NIP1
contains a secretory signal peptide and a cysteine-rich mature protein of 60 residues (Rohe
et al. 1995). Strains of R. secalis virulent on Rrs1-containing plants either lack NIP1 or carry
alleles with point mutations that translate into single amino acid substitutions (Rohe et al. 1995;
Schürch et al. 2004). NIP1 was lost with a high frequency (45%) among 614 isolates from
different geographic populations on four continents, and 14 types of DNA polymorphisms were
found, indicating diversifying selection (Schürch et al. 2004). A recent study shows that the NIP1
gene family evolved mainly through point mutations and copy number variation (MohdAssaad,
McDonald, and Croll 2019). NIP1 is present on a large chromosome that is not likely to be
dispensable (von Felten, Zaffarano, and McDonald 2011).
Melampsora lini (M. lini)
The flax rust fungus M. lini is an obligate biotrophic basidiomycete that infects flax (Linum
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usitatissimum) and other species of the genus Linum (LAWRENCE, DODDS, and ELLIS
2007). To date, avirulence genes have been cloned from six loci in M. lini, encoding AvrL567
(Dodds et al. 2004), AvrM (Catanzariti et al. 2006), AvrP123 (Catanzariti et al. 2006), AvrP4
(Catanzariti et al. 2006), AvrL2-A (Anderson et al. 2016) and AvrM14-A (Anderson et al.
2016), respectively. AvrL567-A is recognized by resistance proteins L5, L6 and L7, whereas
AvrL567-B is recognized most strongly by L5, weakly by L6 and not at all by L7 (Dodds et
al. 2004). The gene encoding AvrL567-C co-segregates with virulence, and this version is not
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recognized by L5, L6, or L7 (Dodds et al. 2004). AvrP4 and AvrP123 are cysteine-rich proteins,
whereas AvrM does not contains cysteine residues. AvrL2-A and AvrM14-A were identified
by mapped-based cloning (Anderson et al. 2016). AvrM14-A is recognized by both the flax
M1 and M4 resistance proteins, and is not related to AvrM (Anderson et al. 2016). AvrM14-A
shows homology with the nudix hydrolase superfamily and is the first rust avirulence protein
for which a biochemical function could be predicted from the protein sequence (Anderson et al.
2016). The AvrL2 protein family has no homology to proteins with known function. Except for
AvrL2-A, all other cloned avirulence genes are located at recombination hot-spots (Anderson et
al. 2016). AvrL2-A has been proposed to be located in a centromere or other heterochromatic
repeat-rich region (Anderson et al. 2016). All the identified genes have undergone diversifying
selection (Anderson et al. 2016; Barrett et al. 2009; Ellis, Dodds, and Lawrence 2007).
Puccinia graminis (P. graminis)
P. graminis f.sp. tritici (Pgt) causes wheat stem rust, which has posed a threat to wheat production
recently (Singh et al. 2011). Two avirulence factors have been identified in Pgt, AvrSr35 and
AvrSr50, which can be recognized by resistance proteins Sr35 and Sr50, respectively (Chen et
al. 2017; Salcedo et al. 2017). AvrSr35 encodes a 578–amino acid protein with no similarity to
any previously known effector, while AvrSr50 encodes a 132-amino acid protein which interacts
with Sr50 directly (Chen et al. 2017; Salcedo et al. 2017). The origin of isolates virulent on
Sr35 containing plants is associated with insertion of a mobile element in AvrSr35. A mutant
virulent on Sr50 plants apparently evolved from the exchange of a whole chromosome between
two haploid nuclei, resulting in loss of the avirulence allele (Chen et al. 2017; Salcedo et al.
2017). In addition, the Pgt protein PGTAUSPE-10-1 causes cell death in a host line carrying
resistance gene Sr22. Therefore, PGTAUSPE-10-1 is considered to be a candidate for AvrRs22
(Upadhyaya et al. 2014). Through mutational genomics approaches, AvrSr27 has also been
identified, and identification of AvrSr5 is underway (Dodds et al. 2019).
Blumeria graminis (B. graminis)
B. graminis f.sp. hordei (Bgh) causes powdery mildew on barley, and interacts with its host in a
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gene-for-gene manner (ZHANG et al. 2005). So far, seven avirulence genes have been identified
in Bgh, namely Avrk1, Avra1, Avra13, Avra7, Avra9, Avra10 and Avra22, corresponding to
barley resistance genes k1, a1, a13, a7, a9, a10 and a22, respectively (Lu et al. 2016; Ridout et al.
2006; Saur et al. 2019). Avra7, Avra9, Avra10, and Avra22 were identified in a recent study, and
these proteins interact directly with their respective plant R proteins (Saur et al. 2019). Virulence
of isolates is predominately associated with non-synonymous SNPs and loss of expression of
avirulence genes (Saur et al. 2019). From a population study it was concluded that Avra10
and Avra22 have evolved through two opposing selective pressures: sequence conservation to
maintain their virulence function and sequence diversification to escape recognition by MLA10
and MLA22, respectively (Saur et al. 2019).
B. graminis f.sp. tritici (Bgt) is an obligate biotroph, the causal agent of powdery mildew
on wheat (Bourras et al. 2018). Four genes encoding avirulence factors have been identified
in Bgt: AvrPm3a2/f2, AvrPm2, AvrPm3b2/c2 and AvrPm3d3. The encoded products are recognized
by R proteins Pm3a/3f, Pm2, Pm3b/3c and AvrPm3d, respectively (Bourras et al. 2015, 2019;
Praz et al. 2017). The avirulence genes all encode small, secreted effector proteins with a
predicted signal peptide and conserved cysteines residues, and they all are highly expressed
in haustoria (Bourras et al. 2015, 2019; Praz et al. 2017). AvrPm2 belongs to a small gene
family encoding structurally conserved RNase-like effectors (Praz et al. 2017). Recognition of
AvrPm3a2/f2, AvrPm3b2/c2 and AvrPm3d3 by the respective resistance proteins is suppressed by
the ribonuclease-like effector SvrPm3a1/f1 (Bourras et al. 2019). AVRPm3d3 shows a high level
of copy number variation in mildew isolates, while AVRPm3b2/c2 is present as a single copy
only (Bourras et al. 2019). Although Pm3 alleles share more than 97% sequence identity on
the protein level, AvrPm3a2/f2, AvrPm3b2/c2, and AvrPm3d3 share low sequence identity (Bourras
et al. 2019). In the fungal genome all these avirulence genes are surrounded by transposable
elements (Bourras et al. 2015, 2019; Praz et al. 2017). In 185 isolates, 10 non-synonymous
mutations were found across the AVRPm3b2/c2 gene, while 17 non-synonymous mutations were
found for the AVRPm3d3 gene (Bourras et al. 2019). AVRPm3b2/c2 and AVRPm3d3 homologs have
also been found in rye and Dactylis mildews. The products of the homologs are recognized by
the resistance proteins Pm3b, Pm3c and Pm3d in wheat, demonstrating that these AvrPm3-Pm3
interactions also determine host species specificity in cereal mildews.

Virulence genes determining host cultivar specificity in plant pathogenic fungi
Stagonospora nodorum (S. nodorum)
The ascomycete fungus S. nodorum (also known as Parastagonospora nodorum) is a major
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necrotrophic pathogen of wheat causing leaf and glume blotch (Liu, Faris, Oliver, K.-C. Tan,
et al. 2009). So far, three S. nodorum genes encoding host selective proteins (toxins), notably
SnToxA (Liu et al. 2012), SnTox1 (Liu, Faris, Oliver, K.-C. Tan, et al. 2009) and Tox3 (Liu,
Faris, Oliver, K.-C. Tan, et al. 2009) have been identified. The genes reside on three different
chromosomes (Liu et al. 2012). The toxins induce cell death and necrosis as an outcome of their
interaction with their cognate dominant susceptibility gene products (ToxA-Tsn1, Tox1-Snn1
and Tox3-Snn3). Below is a summary of these host specific interactions.

2

SnTox1-Snn1:
The SnTox1-Snn1 interaction was the first interaction to be characterized (Liu et al. 2004),
but the toxin gene was only cloned in 2012 (Liu et al. 2012). Upon cleavage from the primary
translation product of the first 17 amino acids, predicted to be a signal peptide, the mature
SnTox1 contains 100 amino acids. Remarkably, it contains 16 cysteine residues, all predicted to
be involved in disulfide bridges necessary for the activity/stability of the SnTox1 protein. The
C-terminus has similarity to the plant-specific chitin-binding domain of Avr4 in C. fulvum (van
Esse et al. 2007). Later, it was shown that SnTox1 binds chitin of the fungal cell wall, protecting
the pathogen from chitinase degradation (Liu et al. 2016). SnTox1 is highly expressed at 3 dpi,
which correlates with the onset of necrotic lesion development. Different from other effector
genes, which are generally located in gene poor and repeat-rich regions, SnTox1 is located in
a gene-rich region and no obvious repeats or AT-rich sequences were identified within the 300
kb region containing SnTox1 (van Esse et al. 2007). Among 159 global Sn isolates, 11 Tox1
isoforms were found, suggesting diversifying selection on SnTox1 (Liu et al. 2012).
SnToxA-Tsn1 and PtrToxA-Tsn1:
SnToxA is almost identical to PtrToxA identified in P. tritici-repentis (Ciuffetti, Tuori, and
Gaventa 1997), having only two amino acid differences (Friesen et al. 2006). Despite these
two differences, SnToxA is functionally identical to PtrToxA. The gene has likely undergone
horizontal gene transfer from S. nodorum to P. tritici-repentis (Friesen et al. 2006; Liu et al.
2006). Mature SnToxA is a 13.2 kDa protein containing two cysteine residues as well as an
RGD-containing vitronectin-like motif that is present in a solvent-exposed loop in the active
protein (van Esse et al. 2007). The regions upstream and downstream of SnToxA contain
repetitive AT-rich regions, but these AT-rich regions have not been found in the corresponding
flanking regions of P. tritici-repentis (Friesen et al. 2006). By sequencing 95 S. nodorum ToxA
and 54 P. tritici-repentis ToxA amplicons from geographically diverse pathogen populations, 11
haplotypes were found in S. nodorum and only one haplotype in P. tritici-repentis (Friesen et
al. 2006).
SnTox3-Snn3:
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SnTox3 was identified by partial purification and protein sequencing (Liu, Faris, Oliver, K.
C. Tan, et al. 2009). SnTox3 is a 693-bp intron-free gene without obvious similarity to other
known genes, and encodes a 230 amino acid pre-proprotein consisting of a 20 amino acid
signal sequence and a predicted pro-domain of approximately 30 amino acids, resulting in a
mature protein of around 18 kDa (Liu, Faris, Oliver, K.-C. Tan, et al. 2009). SnTox3 contains
six cysteine residues, each being predicted to be involved in the formation of a disulfide bridge
critical to the structure and function of the protein (Liu, Faris, Oliver, K.-C. Tan, et al. 2009).
Like SnTox1, SnTox3 is highly expressed at 3 dpi when the lesion symptom starts. Both SnTox3
and SnToxA are flanked by AT-rich sequences, containing long terminal repeat retrotransposons.
By sequencing SnTox3 from 245 isolates, eleven nucleotide haplotypes were identified resulting
in four amino acid haplotypes (Liu, Faris, Oliver, K.-C. Tan, et al. 2009).
Pyrenophora tritici-repentis (P. tritici-repentis)
The ascomycete fungal pathogen P. tritici-repentis (Ptr) causes tan spot and chlorosis on wheat,
which is an important foliar disease. Two Ptr host specific proteinaceous toxin genes, Ptr-ToxA
(Ciuffetti et al. 1997) and Ptr-ToxB (Strelkov, Lamari, and Ballance 1999), have been cloned.
Ptr-ToxA and Ptr-ToxB interact specifically with the products of the host susceptible genes
Tsn1 and Tsc2, respectively. It is likely that Ptr-ToxA originates from S. nodorum (see above)
(Friesen et al. 2006). Unlike Ptr-ToxA, which is present as a single copy in the genome, PtrToxB is present in multiple copies in the genome of some races of Ptr. The number of copies is
proportional to virulence (Martinez, Oesch, and Ciuffetti 2004). Ptr-ToxB encodes a 23 amino
acid putative signal peptide and a 64 amino acid host-selective toxin (Martinez et al. 2001).
The toxin contains four cysteine residues which form two disulfide bridges (Nyarko et al. 2014)
and is heat-stable protein (Strelkov et al. 1999). All cloned Ptr-ToxB loci are associated with
retrotransposons (Martinez et al. 2004). A related single copy gene Ptr-toxb from a nonpathogenic
race was also identified and this gene shares 86% similarity to Ptr-ToxB (Martinez et al. 2004).
Both Ptr-ToxB and Ptr-toxb adopt a b-sandwich fold stabilized by two disulfide bonds, but differ
in the dynamics of one sandwich half. The more open structure close to one disulfide bond,
higher flexibility, and different residues in an exposed loop of Ptr-toxb contribute to the absence
of toxic activity (Nyarko et al. 2014).

Secondary metabolites determining host specificity in plant pathogenic fungi
Cochliobolus carbonum (C. carbonum)
C. carbonum causes Northern Corn Leaf Spot on maize and is virulent on hm/hm maize
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(Johal and Briggs 1992). The virulence of the fungus is due to production of a toxic, cyclic
tetrapeptide, the so-called HC-toxin (Panaccione et al. 1992). Hm1 and Hm2 both encode a
carbonyl reductase that inactivates the HC-toxin (Johal and Briggs 1992). It is hypothesized
that HC-toxin alters the expression of plant defense genes by inhibiting histone deacetylase
(Ransom and Walton 1997; Walton 2006). The production of HC-toxin is governed by the
single locus TOX2 (Panaccione et al. 1992). The locus contains HST1, responsible for HC-toxin
production, and is duplicated in toxin-producing isolates of the fungus but completely absent

2

from the genomes of toxin-nonproducing isolates (Panaccione et al. 1992). HTS1 encodes a
570-KD cyclic peptide synthetase. Disruption of either copies of HST1 resulted in loss of the
ability to produce HC-toxin and loss of host-selective pathogenicity. Other genes involved in
the production of HC-toxin include TOXA (Pitkin, Panaccione, and Walton 1996), TOXC (Ahn
and Walton 1997) and TOXF (Cheng, Ahn, and Walton 1999). Except for one copy of TOXE, all
other TOX2 genes are located in an approximately 600 kb repeat-rich region (Ahn and Walton
1996; Condon et al. 2013).
Cochliobolus heterostrophus (C. heterostrophus)
C. heterostrophus causes Southern Corn Leaf Blight. There are two known races: race T and
race O, with race T producing a host selective toxin called T-toxin. Race T is highly virulent
to maize carrying Texas male sterile cytoplasm, while Race O only shows mild virulence.
So far, nine genes have been shown to be required for T-toxin production (Baker et al. 2006;
Inderbitzin, Asvarak, and Turgeon 2010; Rose et al. 2002; Yang et al. 1996), and these genes
are located at two unlinked loci, notably Tox1A and Tox1B. These genes are absent in Race O.
The nine known Tox1 genes encode two polyketide synthases (PKS), one decarboxylase, five
dehydrogenases and one unknown protein (Inderbitzin et al. 2010). The genes do not reside in
a single cluster, but reside alone or in small groups in four distinct AT rich regions (Inderbitzin
et al. 2010). These Tox1 regions comprise less than 5% of the 1.2 Mb of race T–specific DNA
(Inderbitzin et al. 2010).
Verticillium dahliae (V. dahliae)
V. dahliae is a vascular wilt pathogen which can infect nearly 200 plant species. It causes
defoliation in a few hosts only, including cotton, olive and okra (Milgroom et al. 2016). Recently,
by using comparative genomics, genes determining the defoliation pathotype were discovered
(Zhang et al. 2019). These are located within a lineage-specific genomic region (G-LSR2) of V.
dahliae Vd991, and seven genes in this region are associated with defoliation (Chen et al. 2018;
Zhang et al. 2019). Among these seven genes (VdDf1-VdDf7), VdDf5 and VdDf6 are critical
for the defoliation phenotype (Zhang et al. 2019). The VdDfs are involved in the production of
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secondary metabolites, such as NAE 12:0, that cause defoliation either by altering abscisic acid
sensitivity, hormone disruption or sensitivity to the pathogen (Zhang et al. 2019). Phylogenetic
analyses of the region comprising all seven protein-coding genes suggests that G-LSR2 has
been acquired from Fo f.sp. vasinfectum through horizontal gene transfer (Chen et al. 2018).
Interestingly, in another study (Personal communication with Jinling Li, unpublished data), two
identical defoliation-specific genes were found using similar approaches in V. dahliae. These
two genes may have arisen by segmental duplication and encode small secreted proteins. It
was demonstrated that this effector gene is required for the defoliation of cotton and olive.
Application of a heterologously produced effector protein to cotton seedlings also induced
defoliation, indicating that the protein is directly responsible for the defoliation symptoms.
Alternaria alternata (A. alternata)
A. alternata is a ubiquitous, saprophytic fungus present in dead plant material and is also known
as a weak pathogen causing opportunistic disease in a number of crops (Akimitsu et al. 2014).
Host selective toxins (HSTs) in A. alternata have been extensively reviewed before (Akimitsu
et al. 2014; Meena et al. 2017). So far, there are seven known diseases caused by A. alternata
in which HSTs are responsible for fungal pathogenesis. Accordingly, these A. alternata are
classified into seven different pathotypes. Each pathotype produces specific toxins, which
are responsible for specific host infection. These toxins include AM-toxin (apple pathotype),
AF-toxin (strawberry pathotype), AK-toxin (Japanese pear pathotype), ACT-toxin (Tangerine
pathotype), ACR-toxin (Rough lemon pathotype), AAL-toxin (tomato pathotype), and AT-toxin
(Tobacco). Chemical structures of HSTs from six pathotypes have been determined, excluding
that of AT-toxin of the tobacco pathotype. Interestingly, HST genes are located on conditionally
dispensable chromosomes as gene clusters (Hu et al. 2012).
Gaeumannomyces graminis (G. graminis)
G. graminis var. tritici (Ggt) is the causal agent of take-all of wheat, but not oats, while G.
graminis var. avenae (Gga) is able to cause disease on oats (FREEMAN and WARD 2004). Oat
roots produce the antifungal saponin avenacin which provides a preformed chemical barrier
to phytopathogenic fungi. Gga is able to detoxify avenacin using the enzyme avenacinase, but
Ggt cannot, which suggests that avenacin detoxification may determine the host range of these
fungi (FREEMAN and WARD 2004). The gene encoding the avenacinase was cloned from
Gga, and avenacinase-minus mutants cannot infect oats, but retain virulence on wheat (without
avenacin) (Bowyer et al. 1995). Thus, the ability of plant pathogenic fungi to detoxify avenacin
can determine host range.
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Horizontal gene and chromosome transfer and host specificity in plant pathogenic
fungi
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Horizontal gene transfer (HGT) or horizontal chromosome transfer (HCT) has likely occurred
in several plant pathogenic fungi, including S. nodorum/P. tritici-repentis (Friesen et al. 2006),
Fo (van Dam et al. 2017; Ma et al. 2010; Vlaardingerbroek et al. 2016) and Alternaria alternata
(Akimitsu et al. 2014).
The outbreak of tan spot disease on wheat in 1941 was caused by P. tritici-repentis. The high
virulence of P. tritici-repentis is due to the presence of a host selective toxin, ToxA, and, as
mentioned above, it is likely that the ToxA gene was transferred from S. nodorum to P. triticirepentis in a recent event (Friesen et al. 2006).
In F. oxysporum, HCT has been shown in three formae speciales, including Fo f.sp. lycopersici
(Fol) (Ma et al. 2010; Vlaardingerbroek et al. 2016), Fo f.sp. radicis-cucumerinum (Forc) (van
Dam et al. 2017) and Fo f.sp. melonis (Fom) (unpublished data). In all three cases, following
transfer of an accessory chromosome from a pathogenic strain to non-pathogenic Fo, the
recipient strain becomes pathogenic to the host species of the chromosome donor strain.
In A. alternata, as mentioned above, all HST-encoding genes are located on conditionally
dispensable chromosomes (CDCs) (Mehrabi et al. 2011). It has been suggested that these CDCs
are transferrable between different pathotypes in Alternaria alternata (Akagi et al. 2009).
Indeed, HCT between different pathotypes has been demonstrated through protoplast fusion
experiments. For example, by fusion a tomato pathotype with a strawberry pathotype, the
resulting strain was found to be pathogenic on both tomato and strawberry (Akagi et al. 2009).
Often virulence or host-determining genes are clustered, so HGT and HCT can act as an efficient
and fast way for microbes to become pathogenic on new host plants. In Alternaria alternata, as
described above, genes determining host range are located on a single chromosome, therefore
single chromosome transfer is sufficient to expand host range. This may be an important
mechanism for asexual fungi to generate genetic variation and adapt to a changing environment.

The role of genome localization of host specificity genes in adaptation
From the findings discussed above, host specificity genes appear to be predominately located in
AT-rich isochores (such as AvrLm2, AvrLm4-7, and AvrLm5 in L. maculans), transposable-rich
regions (such as AvrPm3a2/f2, AvrPm3b2/c2, and AvrPm3d3 in B. graminis f.sp. tritici), or lineagespecific chromosomes (such as AVR1, AVR2, and AVR3 in Fol). These repeat-rich genomic
compartments are believed to have a faster evolution rate than other parts of the genome (core
genome). Based on this, the concept of ‘two-speed genome’ has been proposed (Croll and
McDonald 2012; Raffaele and Kamoun 2012). The gene-poor, repeat-rich genomic compartment
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could serve as a ‘cradle’ for adaptive evolution (Croll and McDonald 2012). Evidence for a
higher evolution rate has been found for almost all the host specificity genes listed above. For
example, in L. maculans, avirulence genes are located in AT-rich isochores and these genes have
an exceptionally high mutation rate (Rouxel and Balesdent 2017).
Modern crop management practices have accelerated the arms race between pathogens and
plants (Möller and Stukenbrock 2017). Crops with new resistance genes may be introduced
in each growing season, which poses great pressure on pathogens to rapidly adapt to the new
cultivar. Since avirulence factors that are recognized by resistance proteins are generally located
in repeat-rich genomic regions, a high frequency of point mutations, deletions, duplications and
rearrangement of avirulence genes can result in rapid emergence of strains that evade recognition
by resistance proteins. If loss of or changes in avirulence genes have no or little fitness cost, these
strains will quickly become dominant in the pathogen population. The compartmentalization of
a genome allows pathogens to contain fast evolving genes without affecting the stability of core
genes.
Host specificity genes that are directly or indirectly involved in the interactions between
pathogens and plants are often clustered or located in lineage specific chromosomes. For
instance, host determining factors in Fo and A. alternata are located on conditionally dispensable
chromosomes, while avirulence genes Avrk1, Avra10 and Avra22 in Bgh are clustered (Akagi
et al. 2009; Ridout et al. 2006; Saur et al. 2019). Clustering may allow pathogens to have a
concerted regulation of expression of these genes (van der Does and Rep 2007). In addition, if
all genes required for infecting a host are clustered, HCT may lead to gain of virulence of the
recipient strains on a new host (van der Does and Rep 2007).

Conclusions and future perspectives
Both proteins and secondary metabolites can determine host specificity in plant pathogenic
fungi. With an increased rate of pathogen genome sequences becoming available, the rate
of discovery of avirulence genes determining host cultivar specificity will likewise increase.
However, more effort is needed to identify host species specificity factors. For instance, it would
be interesting to test the hypothesis of Schulze-Lefert and Panstruga, who proposed that PTI
plays a major role in non-host resistance of evolutionary divergent non-host plant species, while
ETI would be more dominant as a non-host resistance mechanism in more closely related plant
species (Schulze-Lefert and Panstruga 2011).
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During host colonization, plant pathogenic fungi secrete proteins, called effectors, to facilitate
infection. Collectively, effectors may defeat the plant immune system, but usually not all
effectors are equally important for infecting a particular host plant. In Fusarium oxysporum f.sp.
lycopersici, all known effector genes – also called SIX genes – are located on a single accessory
chromosome which is required for pathogenicity and can also be horizontally transferred to
another strain. To narrow down the minimal region required for virulence, we selected partial
pathogenicity chromosome deletion strains by fluorescence-assisted cell sorting of a strain
in which the two arms of the pathogenicity chromosome were labelled with GFP and RFP,
respectively. By testing the virulence of these deletion mutants, we show that the complete long
arm and part of the short arm of the pathogenicity chromosome are not required for virulence.
In addition, we demonstrate that smaller versions of the pathogenicity chromosome can also
be transferred to a non-pathogenic strain and they are sufficient to turn the non-pathogen into
a pathogen. Surprisingly, originally non-pathogenic strains that had received a smaller version
of the pathogenicity chromosome were much more aggressive than recipients with a complete
pathogenicity chromosome. Whole genome sequencing analysis revealed that partial deletions
of the pathogenicity chromosome occurred mainly close to repeats, and that spontaneous
duplication of sequences in accessory regions is frequent both in chromosome deletion strains
and in horizontal transfer (recipient) strains.
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Introduction
Accessory chromosomes, also called supernumerary chromosomes, B chromosomes, or lineagespecific chromosomes, were first discovered in Hemiptera in 1907 (Camacho, Sharbel, and
Beukeboom 2000). However, it was only in 1991 that they were first reported in a fungus; the
plant-pathogenic fungus Nectria haematococca (Fusarium solani) (Miao, Covert, and Vanetten
1991). Since then, accessory chromosomes have been found in more than 20 different species
of fungi (Bertazzoni et al. 2018), including the plant pathogens Fusarium oxysporum (Fo) (van
Dam et al. 2017; Ma et al. 2010; Vlaardingerbroek, Beerens, Schmidt, et al. 2016; Williams et
al. 2016), Fusarium solani (Coleman et al. 2009), and Zymoseptoria tritici (Croll, Zala, and
McDonald 2013; Habig, Quade, and Stukenbrock 2017; Schotanus et al. 2015). Accessory
chromosomes are generally distinguished from core chromosomes by their relatively high
number of repeats, lower gene density, distinct codon usage, different evolutionary trajectories
and dispensability (Galazka and Freitag 2014).
Although accessory chromosomes are dispensable, they can play an important role under specific
conditions, such as conferring pathogenicity to specific plant species (Bertazzoni et al. 2018).
For example, in Alternaria, host-selective toxin genes are located on accessory chromosomes
which are responsible for causing disease on certain plant species (13–15). Recent findings in
the hemibiotrophic plant pathogen Colletotrichum higginsianum showed that mutants without
chromosome 11 are arrested during the biotrophic phase of infection (Plaumann et al. 2018).
In contrast, loss of this chromosome had no clear effect on vegetative fitness, suggesting that
this chromosome plays a specific role during infection (Plaumann et al. 2018). One of the most
well-documented examples is the pathogenicity chromosome of Fo f.sp. lycopersici (Fol)
(Ma et al. 2010; Schmidt et al. 2013; Vlaardingerbroek, Beerens, Rose, et al. 2016). While
this pathogenicity chromosome can be lost without affecting normal growth, strains without
this pathogenicity chromosome cannot infect tomato plants (Ma et al. 2010; Plaumann et al.
2018). All 14 known effector genes (Secreted In Xylem genes, SIX genes) are located on this
pathogenicity chromosome (Schmidt et al. 2013), and some of these effector genes were shown
to contribute to virulence towards tomato plants, including SIX1 (AVR3) (Rep et al. 2004), SIX3
(AVR2) (Houterman et al. 2009), and SIX5 (Ma et al. 2015). Further studies on this pathogenicity
chromosome showed that loss of (most of) the long arm (q arm) of this chromosome, including
SIX6, SIX9 and SIX11, did not significantly affect virulence (Vlaardingerbroek, Beerens,
Schmidt, et al. 2016).
Apart from conferring advantages in a certain environment, at least some accessory chromosomes
can also be horizontally transferred from one strain to another (van Dam et al. 2017; He et
al. 1998; Ma et al. 2010; Vlaardingerbroek, Beerens, Rose, et al. 2016). The first molecular
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evidence for horizontal chromosome transfer (HCT) in fungal plant pathogens was reported in
Colletotrichum gloeosporioides (Masel et al. 1996). It was suggested that a 2-Mb chromosome
in the biotype B isolate Bx most likely originated by a relatively recent transfer from biotype
A. Shortly after, He and colleagues experimentally demonstrated horizontal transfer of a 2-Mb
chromosome from biotype A to biotype B, however, no pathogenicity phenotype was transferred
(He et al. 1998).

3

HCT has also been observed in Fo (van Dam et al. 2017; Ma et al. 2010; Vlaardingerbroek,
Beerens, Rose, et al. 2016). When co-incubating a Fol strain with a non-pathogenic strain, the
pathogenicity chromosome of Fol can be transferred to a non-pathogenic strain, turning the latter
into a tomato-infecting strain (Ma et al. 2010; Vlaardingerbroek, Beerens, Rose, et al. 2016).
In some cases, a second accessory chromosome was co-transferred (Ma et al. 2010). Similarly,
from Fo f.sp. radicis-cucumerinum (Forc), a single chromosome chrRC can be transferred to
a non-pathogen, turning the recipient into a cucurbit-infecting strain (van Dam et al. 2017).
The mechanisms behind HCT are largely unknown, but it is most likely that HCT happens
through heterokaryosis, which was supported by the observation that transfer is not always
restricted to accessory chromosomes, but a core chromosome (~4 Mb) could also be transferred
(Vlaardingerbroek, Beerens, Rose, et al. 2016).
In a previous study, we showed that the short arm (p arm) of the pathogenicity chromosome in Fol
can be sufficient for causing disease on tomato plants (Vlaardingerbroek, Beerens, Schmidt, et
al. 2016). In order to test this hypothesis and narrow down the genes or regions that are essential
for infection in Fol, we selected partial pathogenicity chromosome deletion strains. To achieve
this, we inserted the RFP gene in the short arm (p arm) of the pathogenicity chromosome of a
strain with the GFP gene on the q arm (Plaumann et al. 2018), and used fluorescence-assisted
cell sorting to select spores without GFP or RFP (Vlaardingerbroek et al. 2015). By testing the
virulence of these deletion mutants, we show that less than half of the chromosome is sufficient
for causing disease. In addition, we demonstrate that smaller versions of the pathogenicity
chromosome can also be transferred to a non-pathogenic strain, with concomitant transfer of
pathogenicity towards tomato.
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Results
Construction of a Fol strain with GFP and RFP on either arm of the pathogenicity
chromosome
To be able to select for partial pathogenicity chromosome deletion strains in Fol, we set out to
create a strain with the RFP gene on the short arm (p arm) and the GFP gene on the long arm
(q arm) of the pathogenicity chromosome. Fluorescence-assisted cell sorting (FACS) with this
strain could then be used to select spores without either green fluorescence or red fluorescence.
To construct this strain, the strain 14HG6B with GFP on the q arm of the pathogenicity
chromosome was used as a starting point (Vlaardingerbroek, Beerens, Schmidt, et al. 2016).
To insert the RFP gene on the p arm, single copy genes FOXG_14135 and FOXG_16428 with
relatively low expression during colonization of tomato plants (van der Does et al. 2016) were
selected for homologous recombination. With the additional purpose to investigate whether
the SIX10/12/7 gene cluster contributes to virulence, this gene cluster was also targeted for
homologous recombination. The location of these genes is shown in Fig 1A.
To replace genes with RFP, Agrobacterium-mediated transformation was performed. For
SIX10/12/7, no in locus transformant was found after checking 433 transformants in two rounds
of transformation, but two spontaneous SIX10/12 deletion mutants, 14HG6B_ΔSIX10_12#1
and 14HG6B_ΔSIX10_12#2, were found. Since these were derived from the same experiment,
it could be that they are not independent but arose from a single event. In any case, SIX10 and
SIX12, as part of a ~20kb region, were lost in these strains, but SIX7 was retained. In the effort
to replace FOXG_16428 with RFP, one in locus transformant, 14HG6B_ΔFOXG_16428, was
obtained out of 945 transformants in three rounds of transformation. However, this transformant
also contained (an) ectopic insertion(s) of the RFP construct. For the third gene, FOXG_14135,
300 transformants in two rounds of transformation were checked, and we found one in locus
transformant without ectopic insertion, 14HG6B_ΔFOXG_14135 (called 14HGPR from hereon). Fol transformations are summarized in Table S1. Strain 14HGPR was confirmed microscopically to have both red and green fluorescence, and in locus insertion was confirmed by PCR.
To assess the virulence of 14HGPR, bioassays were performed. Disease index and fresh
weight were scored three weeks after inoculation, and no significant reduction of virulence was
observed when comparing 14HGPR with the original strain 14HG6B and an ectopic control
(Fig S1). Thus, 14HGPR was used for FACS experiments to obtain partial deletions of the Fol
pathogenicity chromosome from both arms. In addition, bioassays were performed to assess
virulence of 14HG6B_ΔSIX10/12#1, 14HG6B_ΔSIX10/12#2, and 14HG6B_ΔFOXG_16428,
and no significant reduction in virulence was observed (data not shown).
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Fig 1: In cultures of Fol strain 14HGPR, loss of green fluorescence is much more frequent than loss of red
fluorescence.
(A) Schematic representation of the Fol pathogenicity chromosome and genes selected for replacement with RFP. The
long arm is indicated as q arm, while the short arm is indicated as p arm. (B) Dot plot of a fluorescence assisted cell
sorting experiment. Each blue dot represents a fungal spore. Most spores contain both red and green fluorescence. Some
spores had lost green fluorescence, while very few spores had lost red fluorescence. Axis labels show the detection
channel (X-axis: λ=488nm; Y-axis: λ =561nm).

GFP fluorescence is much more frequently lost in spores of 14HGPR than RFP fluorescence
To obtain spontaneous deletions of the Fol pathogenicity chromosome from both arms, Fluorescence Assisted Cell Sorting (FACS) of strain 14HGPR was performed to select spores
without green or red fluorescence. In total, 26 different cultures were started from single spore colonies in four different FACS experiments, and from these experiments 43
GFP deletion strains and 18 RFP deletion strains were kept for further analysis (Table S2).
The first FACS experiment served to determine the approximate rate of loss of green or red
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fluorescence in cultures of the 14HGPR strain. Six single colonies of 14HGPR were separately inoculated into NO3 medium (0.17% yeast nitrogen base, 3% sucrose, 100mM
KNO3). After growing for five days, spore suspensions were obtained by filtering cultures through a double layer of mira-cloth and directly used for FACS. We observed that
all the six cultures showed a similar pattern, with a large population of spores still containing both green and red fluorescence and a very small fraction without green or red fluorescence (Fig 1B). Strikingly, in all cultures more spores had lost green fluorescence than spores
that had lost red fluorescence, as shown in Fig 1B. Only one single spore colony which
had lost the RFP gene was kept for further analysis from this first experiment (Table S2).
For the second FACS experiment, 14HGPR was again mono-spored and five single colonies
were transferred directly into NO3 medium and allowed to grow for five days. This time two
hundred fifty spores without green fluorescence and 226 spores without red fluorescence were
deflected on Potato Dextrose Agar (PDA) plates and allowed to form colonies (Table S3). Only
27 out of 250 (11%) colonies emerged on the plates on which spores without green fluorescence
were deflected, while 199 spores selected for loss of red fluorescence (87%) formed colonies
(Table S3). It turned out that 18 out of the 27 (66.7%) ‘red-selected’ colonies were confirmed to
be GFP negative when checked by microscopy, but only three out of 199 (1.5%) ‘green-selected’ colonies were truly RFP negative (Table S3). Since spores without red fluorescence were
extremely rare, the gating was set close to spores containing both red and green fluorescence,
and this apparently resulted in many false negative spores. The details from all five cultures are
shown in Fig S4. For the 18 ‘red’ and the three ‘green’ colonies, PCR was used to confirm loss
of the GFP or RFP gene and other regions of the Fol pathogenicity chromosome (Table S2).
To obtain more independent deletion strains, a third FACS experiment was performed. With the
aim of increasing the frequency of spontaneous loss of RFP, five single colonies of 14HGPR
were grown on PDA plates for ten days before collecting and inoculating spores from plates
into NO3 medium. After five days incubation at 25°C in the NO3 medium, the spores were
transferred to 4°C for five days and 1 mL of these suspensions were transferred into new NO3
medium and allowed to grow for another seven days at 25°C before being subjected to sorting.
Of spores without green fluorescence deflected, 74 out of 250 (30%) formed colonies, while of
spores without red fluorescence deflected, 335 out of 375 (89%) formed colonies (Table S3).
Fluorescence microscopy revealed that 63 out of the 74 (85%) ‘red’ colonies were truly green
fluorescence negative. However, only ten out of 335 (3.0%) ‘green’ colonies were red fluorescence negative (Table S3). These 63 ‘red’ and ten ‘green’ colonies were also confirmed by PCR
to have lost GFP or RFP, respectively. The details from all five cultures are shown in Fig S5.
Twenty four out of 63 ‘red’ and nine out of ten ‘green’ deletion strains were further checked for
loss of other regions of the pathogenicity chromosome (Table S2). Concluding, using a longer
51

3

Chapter 3
culturing regime including incubation at 4°C, an increase in the frequency of loss of GFP was
observed for all the five cultures, but no significant increase in the frequency of loss of RFP was
observed when compared with the second FACS experiment (Table S3, Table S4 and Table S5).
So far, we obtained a large variety of partial deletions from the q arm of the pathogenicity chromosome, but from the p arm only 13 partial deletion strains with limited variation were found
(Table S2). In a final attempt to obtain more partial deletions from the p arm of the pathogenicity
chromosome, a fourth FACS experiment was performed to only select spores without red fluorescence. In this case, ten single colonies of 14HGPR were grown on PDA plates for one month
at 25°C, then the spores were collected from the plates and inoculated into NO3 medium. The cultures were incubated for five days in NO3 medium before being used for FACS. Out of 246 single
colonies growing from deflected ‘green’ spores, only five (2%) had truly lost red fluorescence
when checked microscopically (Table S3). PCR of these five single colonies confirmed that the
RFP gene was lost in all cases (Table S2). The details from all ten cultures are shown in Fig S6.

3

Illumina whole genome sequencing confirms partial deletions of the Fol pathogenicity
chromosome and reveals multiplications
To more accurately assess which sequences of the pathogenicity chromosome had been lost
and whether changes had also occurred in other parts of the genome, we selected ten deletion strains with different deletion patterns for Illumina whole genome sequencing (Table
S7). Of these ten deletion strains, six strains had lost part of the q arm, and four strains had
lost part of the p arm. To determine sequence changes in the deletion strains, Illumina shortread mapping of both GFP deletion strains and RFP deletion strains was performed to the
SMRT assembly of Fol4287 (Fig 2A and Fig 3A; Fig S2 and Fig S3). In addition, genome
sequence reads from three previously obtained deletion strains, named 14-2, 14-4 and 14-7
(Vlaardingerbroek, Beerens, Schmidt, et al. 2016) were mapped to the newly generated SMRT
assembly of Fol4287 (Fig 2A and Fig S2). As a reference, Fol4287 Illumina sequencing reads
were retrieved from SRA and were also mapped (Fig 2A and Fig 3A; Fig S2A and Fig S3A).
All nine GFP deletion strains were confirmed to have lost part or complete q arm of the
pathogenicity chromosome (Fig 2A). Strains that had completely lost the q arm of the
pathogenicity chromosome include 14-4, 14-7, ΔGFP#20 and ΔGFP#26. These deletions had
happened close to or in the centromere region of the pathogenicity chromosome. Three SIX
genes are located on the q arm, SIX9, SIX6 and SIX11, which were lost in all these four deletion
strains. 14-4 and 14-7 were probably derived from the same deletion event since these two
deletion strains showed exactly the same read density pattern (Fig. 2A). The deletion strains
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Fig 2: Illumina read mapping confirms partial deletions and reveals multiplications in the Fol pathogenicity
chromosome in GFP deletion strains.
(A) Reads of nine GFP deletion strains were mapped to the SMRT assembly of Fol4287. As reference, Illumina reads
of Fol4287 itself was also mapped. For comparison of differences within and between deletion strains, all genome
coverage was normalized. All deletion strains had lost part of or the complete q arm of the pathogenicity chromosome.
In addition, multiplications had occurred in the remaining part of the pathogenicity chromosome or contig 58 in
some deletion strains. Part of contig 58 belongs to the pathogenicity chromosome as indicated between the solid and
dotted lines. (B) Schematic representation of the pathogenicity chromosome (contig 14 and part of contig 58) and,
for comparison, the rest of contig 58. Secreted In Xylem (SIX) genes are also indicated. GC content (C) and repeat
distribution across the genome (D) are also displayed.

14-2 and ΔGFP#22 still contain a small part of the q arm, but no SIX genes are present in this
part. The truncation of the pathogenicity chromosome in strain ΔGFP#8 is quite close to SIX6,
and SIX6 was lost in this strain (Table S2). SIX6 and SIX11 are present in the deletion strain
53

3

Chapter 3
ΔGFP#27, while SIX9, SIX6 and SIX11 are all present in ΔGFP#29. 14-2 and ΔGFP#22 still
contain a small part of the q arm, but no SIX genes are present in this part. The truncation of the
pathogenicity chromosome in strain ΔGFP#8 is quite close to SIX6, and SIX6 was lost in this
strain (Table S2). SIX6 and SIX11 are present in the deletion strain ΔGFP#27, while SIX9, SIX6
and SIX11 are all present in ΔGFP#29.
In addition to partial or complete deletion of the q arm, multiplication of certain regions of the
remaining part of the pathogenicity chromosome had also occurred for seven out of nine GFP
deletion strains (Fig 2A). For all newly obtained deletion strains in this study, multiplication had
occurred in the region where RFP was inserted, and this probably happened during insertion
of RFP into this location. Part of the population of ΔGFP#8 used to prepare genomic DNA
for sequencing probably had lost the multiplication in the RFP region as lower read densities
were observed in this region. Duplication of the q arm was only observed for ΔGFP#29. Except
multiplication of the RFP region, other large multiplications of the p arm of the pathogenicity
chromosome were observed for deletion strains 14-2, ΔGFP#20, ΔGFP#26 and ΔGFP#27.
Surprisingly, the whole contig 58 was duplicated in the deletion strains 14-4 and 14-7.

3

Lastly, to further assess whether deletions or multiplications could be linked to repeats, the
distribution of repeats of the pathogenicity chromosome were determined (Fig 2D). Except
for the deletion in strain ΔGFP#22, the remaining eight deletions had occurred close to repeats
(Fig 2A and D). Among them, four deletions had occurred in the centromeric region, and the
other four deletions had occurred close to repeats in different locations. No large changes were
observed in the core genome of the GFP deletion strains (Fig S2). Interestingly, however, four
out of the six newly generated deletion strains of the q arm showed the same deletion in contig
47. Additional deletions and duplications in the core genome were only observed for ΔGFP#29,
including a relatively large deletion at the end of contig 3, a smaller deletion at the end of contig
7, and a duplication at the end of contig 61.
The four RFP deletion strains all showed different deletion patterns (Fig 3A). Strain ΔRFP#11
had only lost a small region of the p arm of the pathogenicity chromosome, including the SIX10/
SIX12/SIX7 gene cluster. The end of the p arm of this deletion strain was still present. Strain
ΔRFP#12 had lost a larger part of the p arm and this lost region including SIX14, SIX1, SIX2,
SIX3, SIX5, SIX13, and SIX10/12/7. Interestingly, ΔRFP#14 not only had lost part of the p
arm, but it also had lost the end of the q arm. In this deletion strain, only SIX14, SIX1 and
SIX2 are still present on the p arm of the pathogenicity chromosome. Complete loss of the p
arm of the pathogenicity chromosome was observed for ΔRFP#16. In contrast to the common
multiplications observed for most GFP deletion strains, multiplications were only observed for
one RFP deletion strain, ΔRFP#12.

54

Partial pathogenicity chromosomes in Fusarium oxysporum

A

3 ∆RFP#11

Normalized read depth

0

3 ∆RFP#12

0

3 ∆RFP#14

0
3 ∆RFP#16

0

3 Fol4287

0

Contig 14

B

% GC

C

GFP

SIX6
SIX11

Contig 58
SIX14
SIX13
SIX3
RFP
SIX1
SIX5
SIX2

SIX10 SIX13
SIX12
SIX7

SIX8

1

0.4
0
D 50
30
10
0
Copies

SIX9

0.5

1

1.5

2

2.5

3

3.5 (Mb)

Fig 3: Illumina read mapping confirms partial deletions and reveals multiplications in the Fol pathogenicity
chromosome in RFP deletion strains.
(A) Reads of four RFP deletion strains were mapped to the SMRT assembly of Fol4287. As reference, Illumina reads of
Fol4287 itself was also mapped. For comparison of differences within and between deletion strains, all genome coverage
was normalized. All deletion strains had lost part or complete p arm of the pathogenicity chromosome. Multiplications
had occurred only in ΔRFP#12. Surprisingly, the end of the q arm was lost in ΔRFP#14. Part of the contig 58 belongs
to the pathogenicity chromosome as indicated between the solid and dotted lines. (B) Schematic representation of the
pathogenicity chromosome (contig 14 and part of contig 58) and, for comparison, the rest of contig 58. Secreted In
Xylem (SIX) genes are also indicated. GC content (C) and repeat distribution across the genome (D) are also displayed.

In the RFP deletion strains, all deletions and multiplications had occurred close to repeats (Fig
3A and D). Surprisingly, all four RFP deletion strains had the same deletion in contig 47 as
the GFP deletion strains (Fig S3A). Moreover, strain ΔRFP#12 contains one relatively large
deletion at the end of contig 2 (Fig S3A and C).
To conclude, partial deletions of the pathogenicity chromosome were confirmed for all the
deletion strains. In addition, multiplications and additional deletions were also observed on the
pathogenicity chromosome as well as other parts of the genome in some strains. Lastly, almost
all deletions and multiplications had occurred in or close to repetitive regions.
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Partial Fol pathogenicity chromosomes can be transferred to a non-pathogenic strain

3

To test which parts of the Fol pathogenicity chromosome can be horizontally transferred,
chromosome transfer experiments were performed (van der Does and Rep 2012) by coincubating each of the selected 24 deletion strains containing different partial deletions with
hygromycin or zeocin-resistant transformants of non-pathogenic strain Fo47 (‘recipient strains’)
in five independent experiments (Table S8). Since the recipient strains produced more spores
than the donor strains, we decided to co-incubate the donor strains and the recipient strains in
different ratios, including 1:1, 10:1, and 20:1. Chromosome transfer was observed when using
ratios of 1:1 or 10:1. Since the transfer frequency was extremely low, no significant difference
in transfer frequency between these ratios could be determined. Co-incubation of donor and
recipient strains was performed on Potato Dextrose Agar (PDA) medium or Czapek Dox Agar
(CDA) in two different experiments (Table S9). Again, no significant difference in transfer
frequency was observed. Since Shahi et al. (2016) showed that CAT medium (0.17% YNB,
25mM KNO3) facilitates heterokaryon formation, which could result in horizontal chromosome
transfer, we also co-incubated the donor and recipient strains in CAT medium for three days
before plating spores on PDA or CDA plates in one of the HCT experiments. However, no
successful transfer events were observed (Table S9, HCT_IV).
Through these five experiments, we identified four strains, ΔGFP#8, ΔGFP#26, ΔGFP#29, and
ΔRFP#1, with the ability to transfer its partial pathogenicity chromosome to Fo47 (Table S8).
Horizontal transfer of partial chromosomes was confirmed by PCR using primers specific to the
recipient strains and primers targeting different parts of the pathogenicity chromosome (Table
S10). For donor strains ΔGFP#26 and ΔRFP#1, seven double drug-resistant colonies were
found for each, designated HCT_ΔGFP#26-1 to -7 and HCT_ΔRFP#1-1 to -7. For donor strains
ΔGFP#8 and ΔGFP#29, ten and six double drug-resistant colonies were obtained, designated
HCT_ΔGFP#8-1 to -10 and HCT_ΔGFP#29-1 to -6. Among these donor strains, ΔGFP#8,
ΔGFP#26, and ΔGFP#29 had lost different parts of the q arm, while ΔRFP#1 had lost a small
part of the p arm. Transfer of partial chromosomes with large deletions of the p arm were not
obtained, despite several attempts (Table S8).
It was observed earlier that chromosome size can change during horizontal chromosome transfer
(van Dam et al. 2017; Vlaardingerbroek, Beerens, Rose, et al. 2016). To assess karyotypes of
HCT-strains and donor strains, CHEF gel analysis was performed (Fig 4). One progeny strain
from each donor strain (HCT_ΔRFP#1-7, HCT_ΔGFP#29-2, HCT_ΔGFP#8-2, and HCT_
ΔGFP#26-1) was selected. As expected, all HCT-strains showed the karyotype of the recipient
strain (Fo47) with an extra chromosome. For HCT_ΔRFP#1-7 and HCT_ΔGFP#8-2, the size
of the extra chromosome is similar to the presumed partial pathogenicity chromosome in donor
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Fig 4: Contour-clamped homogeneous electric field (CHEF) electrophoresis confirms horizontal chromosome
transfer.
HCT-strains HCT_ΔRFP#1-7, HCT_ΔGFP#29-2, HCT_ΔGFP#8-2, and HCT_ΔGFP#26-1 all showed the karyotype
of the recipient strain (Fo47), with an extra chromosome indicated with a red arrow. The extra chromosome in HCT_
ΔRFP#1-7 and HCT_ΔGFP#8-2 is of a size similar to that of the partial pathogenicity chromosome in the donor
strains ΔRFP#1 and ΔGFP#8 (red arrows), respectively. However, the extra chromosome in HCT_ΔGFP#29-2 and
HCT_ΔGFP#26-1 is of a different size compared to the extra chromosome in donor strain ΔGFP#29 and ΔGFP#26,
respectively (red arrows). Chromosomes of S. pombe was used as a marker. The figure was cropped.

strains ΔRFP#1 and ΔGFP#8, respectively, which is consistent with the PCR results (Table S10)
and the sequencing data (Fig 2A). However, in donor strain ΔGFP#29, instead of an expected
smaller version of the pathogenicity chromosome as suggested by the PCR and sequencing
data (Table S10 and Fig 2A), an extra chromosome of around 4 Mb was observed, suggesting
translocation of the remaining part of the pathogenicity chromosome to another chromosome.
After horizontal chromosome transfer from ΔGFP#29 to Fo47, an even larger chromosome
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(around 5 Mb) was found in the background of Fo47. In donor strain ΔGFP#26, which had lost
the whole q arm of the pathogenicity chromosome (Fig 2A), a larger version (~2.5 Mb) of the
pathogenicity chromosome was observed, which can be explained by the multiplication of the
remaining part of the pathogenicity chromosome (Fig 2A). This ~2.5Mb chromosome apparently
became smaller after horizontal chromosome transfer (around 2 Mb in HCT_ΔGFP#26-1).

Illumina whole genome sequencing confirms transfer of partial pathogenicity chromosomes
and reveals multiplications during chromosome transfer

3

To identify the sequences involved in karyotype changes (observed from the CHEF gel)
during horizontal chromosome transfer, whole genomes of the HCT-strains HCT_ΔGFP#29-2,
HCT_ΔGFP#8-2 and HCT_ΔGFP#26-1 were sequenced. To identify which sequences were
newly acquired during horizontal chromosome transfer, stringent Illumina short-read mapping
of HCT-strains against the SMRT assembly of Fol4287 was performed (Fig 5 and Fig S4).
As reference, Illumina reads of donor strains were also mapped. As shown in Fig S4, and in
accordance with the karyotype patterns as observed in the CHEF gel, all HCT-strains had the
background of Fo47 with some extra sequences from the respective donor strains. Remarkably,
in HCT-strain HCT_ΔGFP#29-2, the partial pathogenicity chromosome was almost fully
duplicated after horizontal chromosome transfer, and contig 58 was co-transferred (Fig 5
and Fig S4). This contig 58 corresponds to the co-transferred chromosome in Fol007 (Ma
et al. 2010). Surprisingly, in the same strain a large part of the accessory contig 47 was also
transferred (Fig S4). This could explain the large chromosome band observed in the CHEF gel
(Fig 4). Consistent with the CHEF gel, HCT_ΔGFP#8-2 had received the partial pathogenicity
chromosome from the donor strain ΔGFP#8, and no deletions or multiplications were observed
after horizontal chromosome transfer. The partial pathogenicity chromosome from the donor
strain ΔGFP#26 were fully transferred to the HCT-strain HCT_ΔGFP#26-1, but differences
in multiplication were observed between ΔGFP#26 and HCT_ΔGFP#26-1. These differences
could explain the chromosome size difference on the CHEF gel (Fig 4). No core chromosome
transfer was observed in any HCT strain (Fig S4).

Single chromosome sequencing confirms partial pathogenicity chromosomes in both
donor and HCT strains
To further confirm that we correctly identified the putative pathogenicity chromosomes in the
CHEF gel, we cut the putative pathogenicity chromosome bands from the gel and isolated DNA
from the gel pieces for sequencing. In total, eight strains were selected, including three donor
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Fig 5: Stringent mapping of Illumina reads of HCT strains and donor strains to the SMRT assembly of Fol4287
confirms partial pathogenicity chromosome transfer.
(A) Illumina reads of three HCT strains (HCT_ΔGFP#29-2, HCT_ΔGFP#8-2 and HCT_ΔGFP#26-1) and their
respective donor strains (ΔGFP#29, ΔGFP#8 and ΔGFP#26-1) were mapped to the SMRT assembly of Fol4287, and
only those reads that mapped completely and without any mismatches were selected. As reference, Illumina reads of
Fol4287 were also mapped. Partial pathogenicity chromosome transfer was confirmed for all HCT strains. Surprisingly,
in HCT_ΔGFP#29-2, co-transfer contig 58 was observed while this was not observed for the other two HCT strains.
In HCT_ΔGFP#29-2, large multiplications of the remaining part of the pathogenicity chromosome and the end of
contig 58 (not part of the pathogenicity chromosome) were also observed. Sequence multiplication during horizontal
chromosome transfer was also observed in HCT_ΔGFP#26-1, but not in HCT_ΔGFP#8-2. (B) Schematic representation
of the pathogenicity chromosome (contig 14 and part of contig 58) and, for comparison, the rest of contig 58. Location
of SIX genes and GFP and RFP are indicated. GC content (C) and repeat distribution across the genome (D) are also
displayed.
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GFP deletion strains (ΔGFP#29, ΔGFP#8, ΔGFP#26), three HCT strains (HCT_ΔGFP#29,
HCT_ΔGFP#8, HCT_ΔGFP#26), and two RFP deletion strains (ΔRFP#11 and ΔRFP#12).
First, a CHEF gel was run (Fig S5), bands were cut from the gel and 11 samples (Table S7)
were sent for Illumina sequencing. Reads obtained from each sample were mapped to the SMRT
assembly of Fol4287 (Fig S6). Most bands were successfully sequenced and contained sequences
from the pathogenicity chromosome, as expected (Fig S6). For example, band ΔGFP#8_SC in
donor strain ΔGFP#8 and band HCT_ΔGFP#8_SC in the recipient strain HCT_ΔGFP#8 were

3

confirmed to both contain the partial pathogenicity chromosome. Similarly, the bands in the
donor strain ΔGFP#26 and the recipient strain HCT_ΔGFP#26 were also confirmed to contain
the partial pathogenicity chromosome. For the third pair of donor and recipient strain, ΔGFP#29
and HCT_ΔGFP#29-2, we observed three extra bands in the donor (ΔGFP#29) and two extra
bands in the recipient strain (HCT_ΔGFP#29-2). Therefore, five bands were cut and the isolated
DNA sequenced. Probably because of low DNA yield from the smallest band, ΔGFP#29_SC_
XS, no reads of this sample could be mapped to the SMRT assembly. For the other two bands
from the donor strain, ΔGFP#29_SC_L contained the partial pathogenicity chromosome, while
ΔGFP#29_SC_S contained sequences from contig 7 and part of the pathogenicity chromosome.
It is most likely, therefore, that the partial pathogenicity chromosome was partially duplicated and
translocated to core contig 7. For the corresponding recipient strain HCT_ΔGFP#29-2, the extra
band HCT_ΔGFP#29_SC_L contained sequences of the pathogenicity chromosome as well as
contig 58, and part of contig 47, and all these sequences were originated from the donor strain.
This is consistent with the whole genome mapping data, which showed that these sequences
were transferred (Fig S4). For the second band in the recipient strain, HCT_ΔGFP#29_SC_S,
reads mapped abundantly to core contig 5 and much fewer reads mapped to the pathogenicity
chromosome, which we suspect to be background. Finally, the bands ΔRFP#11_SC and
ΔRFP#12_SC from RFP deletion strains ΔRFP#11 and ΔRFP#12, respectively, were confirmed
to contain the expected partial pathogenicity chromosome (Fig S6).

Partial pathogenicity chromosomes are sufficient to cause disease on tomato
To investigate which parts of the pathogenicity chromosome of Fol are required for virulence,
twenty-two deletion strains (Fig 6) with different deletions in either arm of the pathogenicity
chromosome were selected to assess pathogenicity. In addition, strains 14-2 and 14-7 obtained
earlier, with large deletions in the q arm of the pathogenicity chromosome, and showing no reduced
virulence on tomato in an earlier investigation, were included as controls (Vlaardingerbroek,
Beerens, Schmidt, et al. 2016). Again, we did not observe reduced virulence with these strains.
Consistently, deletion strain ΔGFP#26, generated in this study and with complete loss of the
q arm of the pathogenicity chromosome (Fig 2), showed no reduced virulence compared to
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Fig 6: A partial pathogenicity chromosome in Fol is sufficient to cause disease on tomato plants.
Bioassays were performed to assess virulence of deletion strains. Ten days old tomato seedlings were inoculated with
1*107 spores/mL at 25°C, and disease index (DI) of infected tomato plants was scored three weeks after inoculation.
14HGPR showed no reduced virulence compared to the parental strain 14HG6B. Deletion strains 14-2, 14-7 and
ΔGFP#26, with almost complete loss of the q arm, showed no reduced virulence. Similarly, ΔRFP#11 without the
SIX10/12/7 gene cluster showed no reduced virulence. Deletion strains with a larger deletion of the p arm (ΔRFP#12,
ΔRFP#14 and ΔRFP#16) did not cause disease on tomato plants. Disease index was scored on a scale of 0–4 (0, no
symptoms; 1, one brown vessel below the cotyledons; 2, one or two brown vascular bundles at cotyledons; 3, three
brown vascular bundles and growth distortion; 4, all vascular bundles are brown, plant either dead or very small and
wilted). Kruskal-Wallis test was performed on disease index.

the parental strain, 14HGPR. We conclude from this that the entire q arm is not required for
virulence under the tested conditions. Strain ΔRFP#11, which had lost part of the p arm of
the pathogenicity chromosome (Fig 3), including the SIX10/12/7 gene cluster, also showed no
reduced virulence, suggesting that this part of the chromosome is also not required for virulence.
In contrast, strain ΔRFP#14, with a larger deletion of the p arm, did not show any virulence.
Compared to ΔRFP#11, SIX3, SIX5 and SIX13 were lost in ΔRFP#14. Strains ΔRFP#12 and
ΔRFP#16, which had lost an even larger part of the p arm, also could not cause any disease on
tomato plants. Since SIX3 and SIX5 have been shown to contribute to contribute to virulence
(Houterman et al. 2009; Ma et al. 2015), we transformed these to genes together to strain
ΔRFP#14, but this did not lead to regaining of virulence (results not shown).
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Partial pathogenicity chromosomses can turn an endophyte into a pathogen

3

To investigate whether the endophytic strain Fo47 becomes a pathogen on tomato plants after
receiving a partial Fol pathogenicity chromosome, three HCT-strains derived from each donor
strain were selected to assess their virulence. For the four donor strains, ΔRFP#1, ΔGFP#29,
ΔGFP#8 and ΔGFP#26, there was no significant difference in virulence compared to the
parental strain 14HGPR (Fig 7). Fo47 could not cause any disease symptoms on tomato plants.
However, all the HCT-strains were pathogenic to tomato plants with some variations in Disease
Index (DI). For HCT-strains derived from ΔRFP#1, HCT_ΔRFP#1-5, HCT_ΔRFP#1-6, and
HCT_ΔRFP#1-7, which acquired an almost complete pathogenicity chromosome, a relatively
low disease index was observed (Fig 7 and Fig 8), which is consistent with the results from
previous studies (Ma et al. 2010; Vlaardingerbroek, Beerens, Schmidt, et al. 2016). Surprisingly,
for HCT_ΔGFP#29-1, HCT_ΔGFP#29-2 and HCT_ΔGFP#29-3, much higher virulence was
observed, comparable to, or even stronger than, the donor strain ΔGFP#29 (Fig 7). These HCT
strains had large multiplications of the remaining part of the pathogenicity chromosome as well
as co-transfer of contig 58 and part of contig 47 (Fig 8). These two contigs correspond to the
accessory part of chromosome 3 and chromosome 6 of Fol4287, and they also correspond to the
second transferred chromosome in Fol007 (Ma et al. 2010). Interestingly, for HCT_ΔGFP#8-1,
HCT_ΔGFP#8-2 and HCT_ΔGFP#8-3, derived from ΔGFP#8 and HCT_ΔGFP#26-1, HCT_
ΔGFP#26-2 and HCT_ΔGFP#26-3, derived from ΔGFP#26, all strains in which only a partial
pathogenicity chromosome was present, higher virulence was also observed compared to HCT
strains containing the complete pathogenicity chromosome (Fig 7 and Fig 8). In these cases,
no extra sequences were co-transferred, and in ΔGFP#8-derived strains no multiplication of
pathogenicity chromosome sequences was observed.

Discussion
The pathogenicity chromosome in Fol is required for infecting tomato plants (Ma et al. 2010;
Plaumann et al. 2018), and can be horizontally transferred to a non-pathogenic strain, turning the
latter into a tomato pathogen (Ma et al. 2010; Vlaardingerbroek, Beerens, Schmidt, et al. 2016).
Here, we narrow down the regions and genes on the Fol pathogenicity chromosome that are
required for virulence. Furthermore, we demonstrate that a partial pathogenicity chromosome
can still be horizontally transferred to a non-pathogenic strain, and this is sufficient to turn that
strain into a pathogen. Surprisingly, transfer of a partial pathogenicity chromosome leads to
higher virulence than transfer of a complete pathogenicity chromosome. Possibly, sequences
in the missing (q) arm suppress virulence in the genetic background of the non-pathogenic
recipient strain, Fo47.
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Fig 7: Partial pathogenicity chromosomes can turn an endophyte into a pathogen.
Bioassays were performed to assess the virulence of HCT strains. Ten days old tomato seedlings were inoculated
with 1*107 spores/mL at 25°C, and disease index (DI) of infected tomato plants was scored three weeks after
inoculation. All four donor strains, ΔRFP#1, ΔGFP#29, ΔGFP#8 and ΔGFP#26 caused similar disease index
compared to 14HGPR. Fo47_GRB1 did not cause any disease symptoms on tomato plants, while all HCT strains in
the background of Fo47_GRB1 were able to cause disease on tomato plants, with some variation in Disease Index
(DI). Disease index was scored on a scale of 0–4 (0, no symptoms; 1, one brown vessel below the cotyledons; 2, one
or two brown vascular bundles at cotyledons; 3, three brown vascular bundles and growth distortion; 4, all vascular
bundles are brown, plant either dead or very small and wilted). Kruskal-Wallis test was performed on disease index.

How many effector genes does Fol need to infect its host?
Effector genes have been predicted and studied in many different plant pathogenic fungi (Petre,
Joly, and Duplessis 2014; Lo Presti et al. 2015; Selin et al. 2016; Stergiopoulos and de Wit 2009;
de Wit 2016; Zhang and Xu 2014), including Cladosporium fulvum (Hammond-Kosack et al.
1998; de Jonge et al. 2010; Joosten et al. 1997; Kruger 2002; Rooney 2005; Sánchez-Vallet et
al. 2013), Fusarium oxysporum (van der Does et al. 2008; Houterman et al. 2009; Houterman,
Cornelissen, and Rep 2008; Houterman et al. 2008; Ma et al. 2015; Rep et al. 2004, 2004, 2005),
Leptosphaeria maculans (Ghanbarnia et al. 2015, 2018; Gout et al. 2006; Petit-Houdenot et al.
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Fig 8: Partial pathogenicity chromosomes in Fusarium oxysporum are sufficient to cause disease and can be
horizontally transferred.
Graphical summary of key observations. Strain ΔRFP#1 with a small deletion in the RFP region of the pathogenicity
chromosome was still able to cause disease on tomato plants. In addition, it was able to transfer its pathogenicity chromosome
to Fo47, turning the recipient strain into a tomato-infecting strain but with only mild virulence. Deletion strain ΔGFP#29
had lost a large part of the long (q) arm of the pathogenicity chromosome (white bar) and underwent a duplication of the
remaining part of the q arm (yellow bar). This deletion strain still caused disease on tomato plants. Surprisingly, not only
the partial pathogenicity chromosome but also (the rest of) contig 58 and part of contig 47 were transferred from ΔGFP#29
to Fo47. These transferred sequences most likely form one big chromosome, according to single chromosome sequencing
(Fig S6) and CHEF gel analysis (Fig S5). The resulting HCT strain HCT_ΔGFP#29-2 caused severe disease on tomato
plants. Deletion strain ΔGFP#8 had lost a large part of the q arm of the pathogenicity chromosome but it still caused
disease on tomato plants. The partial pathogenicity chromosome in ΔGFP#8 could be transferred into Fo47, turning the
recipient strain into a tomato pathogen (HCT_ΔGFP#8-2) with the same virulence as its donor, ΔGFP#8. Deletion strain
ΔGFP#26 had completely lost the q arm of the pathogenicity chromosome and underwent an almost complete duplication
of the short arm (p arm). This version of the pathogenicity chromosome could also be transferred into Fo47. Both the
donor strain ΔGFP#26 and the recipient strain HCT_ΔGFP#26-1 caused disease on tomato plants to similar levels.
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2019; Plissonneau et al. 2016, 2018; Van de Wouw et al. 2014), Magnaporthe oryzae (Bryan et
al. 2000; Farman and Leong 1998; Fernandez and Orth 2018; Kanzaki et al. 2012; Sweigard et
al. 1995; Yoshida et al. 2009), Melampsora lini (Anderson et al. 2016; Lorrain et al. 2019; Petre
et al. 2014), and Blumeria graminis (Bourras et al. 2018; Liang et al. 2018; Saur et al. 2019). In
many cases, deletion of a single effector gene has little effect on virulence, suggesting functional
redundancy of effectors (Selin et al. 2016). Nevertheless, it is likely that a limited number of
effectors are required for virulence (Vlaardingerbroek, Beerens, Schmidt, et al. 2016). In Fol, a
single chromosome contains all effector genes (SIX genes) required and sufficient for infecting
tomato (Ma et al. 2010; Schmidt et al. 2013; Vlaardingerbroek, Beerens, Schmidt, et al. 2016).
This provides the opportunity to study the minimal regions or genes on this chromosome that
are sufficient for infection. Previously, several SIX genes have been shown to contribute to
virulence, including SIX1 (Rep et al. 2004), SIX3 (Houterman et al. 2009) and SIX5 (Ma et al.
2015). Moreover, Vlaardingerbroek and coworkers (Vlaardingerbroek, Beerens, Schmidt, et al.
2016) have shown that most of the long (q) arm of the pathogenicity chromosome, including
SIX9, SIX6 and SIX11, is not required for virulence. Here, we confirm that the complete q arm
of the pathogenicity chromosome is dispensable for pathogenicity. We further demonstrate that
a large part of the p arm is also not required for virulence. This part contains SIX10/12/7 gene
cluster, indicating that the in xylem secreted proteins Six7, Six10 and Six12 are not required for
virulence. Deletion strains with a larger deletion of the p arm are not able to infect tomato plants,
suggesting that the remaining part of the p arm of the pathogenicity chromosome is required
for virulence. This region contains SIX14, SIX1, SIX2, SIX3, SIX5, and one copy of SIX13. We
conclude that, although all SIX genes are highly expressed during infection (van der Does et
al. 2016) and the corresponding Six proteins are abundant in the xylem sap of infected tomato
plants (Schmidt et al. 2013), only a subset of these proteins are required for virulence.
Except effector genes, what else on the pathogenicity chromosome does Fol need to infect
tomato?
It has been shown that a homolog of transcription factor gene FTF1 (FOXG_17084), which
is located close to SIX2, can induce expression of most SIX genes when overexpressed (van
der Does et al. 2016). Two additional homologs of FTF1 are present on the pathogenicity
chromosome – one is close to SIX11 and another one is close to the SIX10/12/7 gene cluster.
Deletion strains without either of the latter two FTF1 homologs are still fully virulent on tomato
plants, indicating that they are dispensable for virulence. All deletion strains that are still
virulent, however, contain the FTF1 homolog FOXG_17084, so this homolog may be important
for virulence (van der Does et al. 2016).
In addition, a predicted secondary metabolite gene cluster, including seven genes, is located
close to the SIX10/12/7 gene cluster (Schmidt et al. 2013). This cluster can also be lost without
affecting virulence. Besides SIX14, SIX1, SIX2, SIX3, SIX5, SIX13 and the FTF1 homolog
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FOXG_17084, approximately 70 additional predicted protein-coding genes reside within the
part of the pathogenicity chromosome that all virulent deletion strains have in common, and
some of these might contribute to virulence.
How stable is the Fol genome?
The genomes of many plant pathogenic fungi have a high level of structural variation (Coleman
et al. 2009; Dong, Raffaele, and Kamoun 2015; Johnson et al. 2001; Raffaele and Kamoun 2012;
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Strom and Bushley 2016; Vanheule et al. 2016), including conserved core genome and lineagespecific regions or chromosomes that are characterized by a relatively high number of repetitive
elements. The core genome is generally rather stable, but the lineage-specific regions are much
more dynamic (Habig et al. 2017; Möller et al. 2018; Plaumann et al. 2018; Vlaardingerbroek,
Beerens, Schmidt, et al. 2016). In Fol strain 4287, lineage-specific regions include four accessory
chromosomes (3, 6, 14 and 15), part of core chromosome 1 and part of core chromosome 2 (Ma
et al. 2010). The differences in stability (loss and duplication) between the core genome and
the accessory genome has been investigated previously (Vlaardingerbroek, Beerens, Schmidt,
et al. 2016). For example, the loss frequency of lineage-specific chromosomes was estimated
to be approximately 1 in 35,000 in spores in a liquid culture. Surprisingly, core chromosome
12 in Fol4287 can also be lost but at a very low rate of 1 in 190,000 spores (Fokkens et al.
2018; Vlaardingerbroek, Beerens, Schmidt, et al. 2016). In Zymoseptoria tritici, spontaneous
accessory chromosome loss rate was much higher with chromosome loss in 2 to >50% of cells
during four weeks of incubation (Möller et al. 2018). In the present study, we observed small
deletions and duplications in core chromosomes, tending to occur at the end of chromosomes,
as has also been observed in Zymoseptoria tritici (Möller et al. 2018). We also observed that
(part of) the pathogenicity chromosome can be lost frequently (around 6 in 100,000 spores) (Fig
1B). It appeared that the p-arm of the pathogenicity chromosome is more stable than the q-arm
(Fig 1B). However, this could be explained by multiplication of the region where RFP was
inserted in the p-arm (Fig 2). Presumably, this region has undergone multiplication following
homologous recombination in the original strain. To conclude, in Fol, we can confirm that the
core genome is rather stable except for the telomeric regions, while the accessory chromosomes
are relatively dynamic.
In the present study, a large variety of deletion and multiplication patterns have been observed
for the pathogenicity chromosome, and almost all the deletions or multiplications have occurred
in or close to repetitive elements. It is well known that repetitive elements can lead to intra- or
inter- chromosome homologous recombination, resulting in deletions or translocations (Hedges
and Deininger 2007). It has also been shown that in some fungi the facultative heterochromatin
mark H3K27me3 is present in both the subtelomeric regions of the core chromosomes and
accessory chromosomes (Fokkens et al. 2018; Galazka and Freitag 2014). This difference in
histone modification compared to the core chromosomes may play a role in the difference in
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chromosome stability (Fokkens et al. 2018; Möller et al. 2019).
A highly dynamic accessory genome may accelerate the evolution of the pathogen in the arms
race with its host (Croll and McDonald 2012). Many effector genes are located in the accessory
part of the genome in many plant pathogenic fungi (Coleman et al. 2009; Ma et al. 2010; Peng et
al. 2019). However, effectors can be recognized by R proteins in plants, resulting in an immune
response. Mutation or loss of effector genes can help to avoid recognition and regain virulence.
The accessory part of the genome may provide a niche for rapid diversification of effector genes
without influencing basic cellular functions.

Materials and Methods
Cloning
To replace FOXG_14135, FOXG_16428 or SIX10/12/7 with RFP, three constructs pRW1p_
Pfem1_RFP_FOXG_14135, pRW1p_Pfem1_RFP_FOXG_16428, and pRW1p_Pfem1_RFP_
SIX10/12/7 were made. Each of them contains a right border (facilitating Agrobacterium
tumefaciens mediated transformation), the flanking sequences of each gene, the FEM1 promoter,
the RFP open reading frame (ORF), the SIX1 terminator, the trpC terminator, the phleomycin ORF
resistance cassette, the gpd promotor, another flank of each gene, and the left border. Firstly,
pRW2h_Pfem_RFP_Tsix1 was constructed by amplifying the RFP ORF from pPK2-HPH-RFP
(van der Does et al. 2008) using primers FP6992 (AAAtctagaATGGCCTCCTCCGAGGACG)
and FP6993 (TTTagatctTTAGGCGCCGGTGGAGTGG) followed by XbaI-BglII digestion
and inserting it into the XbaI-BglII site of pRW2h_Pfem_MCS_Tsix1 (van der Does et al.
2016). Then the hygromycine resistance cassette of pRW2h_Pfem_RFP_Tsix1 was replaced
by the phleomycin resistance cassette of pRW1p_Pfem_MCS_Tsix1, which was modified from
pRW1p (van der Does et al. 2016; Houterman et al. 2008). This resulted in pRW1p_Pfem_RFP_
Tsix1. For the FOXG_14135 deletion construct, around 1kb flanking regions of FOXG_14135
were amplified using primers listed in Table S11. The two fragments were introduced into
pRW1p_Pfem_RFP_Tsix1 using the HiFi cloning kit [New England Biolabs (UK) Ltd.]. The
same method was used to make FOXG_16428 and SIX10/12/7 deletion constructs (Table S11).
All constructs were checked by sequencing.
Gene replacement in Fol
14HG6B was transformed via Agrobacterium mediated transformation (Table S1), as described
previously (Takken et al. 2004). Transformants were monospored by pipetting 10 μl of sterile
water on the emerging colony, and spreading this on a fresh Potato Dextrose Agar (PDA) plate
supplemented with cefotaxime and Phleomycin. After two days of growth at 25°C, single
colonies were picked and transferred to fresh plates. From these plates, glycerol stocks were
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made and these are the transformants we worked with.
Fluorescence Assisted Cell Sorting (FACS)
Fluorescence Assisted Cell Sorting was used to select independent chromosome 14 deletion
strains (Vlaardingerbroek et al. 2015). Firstly, 14HGPR was mono-spored and single colonies
were transferred to flasks with NO3 medium (0.17% yeast nitrogen base, 3% sucrose, 100mM
KNO3) either directly or grown on PDA plates for some time before transferring to the NO3

medium. After growing for 5-7 days, spore suspensions were obtained by filtering cultures
through a double layer of mira-cloth. To select spores without green or red fluorescence, 25 red
(not green) and 25 green (not red) fluorescent spores were deflected on each plate and allowed
to form colonies for 2-3 days at 25°C. The colonies were observed using the AMG Evos FL
digital inverted microscope to confirm loss of red fluorescence or green fluorescence. Confirmed
colonies were transferred to new plates and allowed to grow for at least two weeks before DNA
extraction. To determine which parts of the pathogenicity chromosome (chromosome 14) were
lost, PCR primers (Table S12) were used to scan the chromosome.
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Bioassays
To test virulence of Fol transformants, deletion strains or horizontal chromosome transfer
strains on tomato (line C32), the root dip method was used (Rep et al. 2004). Briefly, spores
were collected from 5-day-old cultures NO3 medium (0.17% yeast nitrogen base, 3% sucrose,
100mM KNO3) by filtering through miracloth (Merck; pore size of 22–25μm). Spores were
centrifuged, resuspended in sterile MilliQ water, counted, brought to a final concentration of
1*107 spores/mL and used for root inoculation of 10-day-old tomato seedlings. The seedlings
were then potted individually and kept at 25 °C. Three weeks after inoculation, plant weight
above the cotyledons was measured, and the extent of browning of vessels in the remaining part
of the stem was scored. Disease index was scored on a scale of 0–4 (0, no symptoms; 1, one
brown vessel below the cotyledons; 2, one or two brown vascular bundles at cotyledons; 3, three
brown vascular bundles and growth distortion; 4, all vascular bundles are brown, plant either
dead or very small and wilted).
Horizontal chromosome transfer
To test whether partial pathogenicity chromosomes can be transferred or not, horizontal
chromosome transfer experiments were performed (Van Der Does and Rep 2012). In total, 24
deletion strains (Table S8) were selected to co-incubate with Fo47pGRB1 (Vlaardingerbroek,
Beerens, Rose, et al. 2016) or Fo47-H1 (Ma et al. 2010). Strains were grown in minimal liquid
medium (3% sucrose, 0.17% yeast nitrogen base and 100mM KNO3) for 3-5 days, after which
105 or 2 ×105 microconidia from the donor and recipient strains were mixed in different ratios and
co-incubated on PDA or Czapek Dox Agar (CDA) plates for eight days. Spores were collected
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from these plates using 2-5 ml sterile MilliQ, filtered through sterile miracloth and pipetted
on a double selective PDA plate containing 0.1 M Tris pH 8 supplemented with 100 μg/ml
hygromycin (Duchefa) and 100 μg/ml zeocin (InvivoGen). Double drug resistant colonies were
selected after three days and monospored on a new plate supplemented with both drugs. After
two to three days of growth, colonies were selected and transferred to new plates supplemented
with zeocin and hygromycin. Fluorescence of double drug-resistant colonies was checked with
an AMG Evos FL digital inverted microscope. Strains with both red and green fluorescence
were allowed to grow for 2 weeks before DNA isolation. Both selection markers and other genes
(Table S10) were used to confirm horizontal chromosome transfer by PCR.
Contour-clamped homogeneous electric field (CHEF) electrophoresis
To confirm horizontal chromosome transfer, Contour-clamped homogeneous electric field
(CHEF) electrophoresis was performed. Preparation of protoplasts and pulsed-field gel
electrophoresis were performed as described previously (Ma et al. 2010). Fusarium strains
were cultured in 100 ml NO3 medium (0.17% yeast nitrogen base, 100 mM KNO3 and 3%
sucrose) for five days at 25 °C. Then, conidia were collected by filtering through a double-layer
of miracloth and the concentration of spores were measured. Five × 108 conidia were transferred
to 40 ml PDB (BD biosciences). After approximately 16 hours of growth at 25 °C, germinated
spores were re-suspended in 10 ml MgSO4 solution (1.2 M MgSO4, 50 mM sodium citrate, pH
5.8) supplemented with 50 mg/ml Glucanex (Sigma) + 5 mg/ml driselase (Sigma, D9515) and
incubated for approximately 17 hours at 30°C in a shaking water bath (65 rpm). The protoplasts
were filtered through a double layer of miracloth, collected by centrifugation and casted in
InCert agarose (Lonza) at a concentration of 2 x 108 protoplasts per ml. Plugs were treated with
2 mg/ml pronase E at 50°C. Chromosomes were separated by pulsed-field electrophoresis for
260 hours in 1% Seakem Gold agarose (Lonza) at 1.5 V/cm in a CHEF-DRII system (Biorad) in
0.5 × TBE at 4 °C, with switch times between 1200 and 4800 s. The gels were stained with 1mg/
mL ethidium bromide in 0.5 × TBE.
Single chromosomes recovery from a CHEF gel
Chromosome DNA recovery from CHEF gels were performed according to the method described
previously (Kashiwa et al. 2017). Chromosome bands of interest were excised from the gel and
were placed in 2 ml microcentrifuge tubes, then heated at 100°C while shaking at 350 rpm for at
least 10 minutes to melt the agarose. After the melting step, six units of thermostable β-agarase
(Nippon gene, Tokyo, Japan) were added to the gel solution, and held at 57°C, 350 rpm for 15
min. After enzyme treatment, tubes were kept on ice for 15 min to confirm the agarose was
completely digested. If remaining agarose was observed in the reaction mixture, melting (100°C
for 10 min) and subsequent steps were repeated. The concentration of DNA in the reaction
mixture was checked by a Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA, USA) and the Qubit
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dsDNA HS Assay kit (Invitrogen).
Illumina single chromosome and whole genome sequencing
Genomic DNA isolation was performed on freeze-dried mycelium ground in liquid nitrogen as
starting material, using multiple rounds of phenol-chloroform extraction and precipitation, as
well as the Purelink plant total DNA purification kit (Invitrogen).
Illumina sequencing (150 bp paired-end, insert size ~500 bp) was performed on a HiSeq 2500
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machine at the Hartwig Medical Foundation (Amsterdam, the Netherlands) at ~100X coverage,
resulting in 5.0–5.6 Mb of sequence data per sample.
Raw reads were trimmed to remove low-quality bases and adapter sequences using fastq-mcf
v1.04.807 (-q 20). PCR duplicates were removed using PicardTools MarkDuplicates v2.7.1
with standard settings.
To assess partial deletions of the pathogenicity chromosome, reads of deletion strains were
mapped directly to the SMRT assembly of Fol4287.
Reads from single chromosomes were also mapped directly to the SMRT assembly of Fol4287.
To confirm horizontal chromosome transfer, trimmed reads were directly mapped to SMRT
assembly of Fol4287, and only reads that mapped once with 100% coverage and 100% identity
were selected (with SAMtools view –q 42) when calculating read densities.
For visualization of the reads counts in 10 kb non-overlapping sliding windows, SAMtools
bedcov was used. SAMtools version 1.8 was used in all above-mentioned cases.
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Supporting information

Fig S1: Deletion of FOXG_14135 does not result in reduced virulence.
Fresh weight and disease index (DI) of infected tomato plants were scored three weeks after inoculation. When ten days
old tomato seedlings were inoculated with 1*107 spores/mL at 25°C, the FOXG_14135 deletion strain 14HGPR showed
similar disease index and fresh weight as the original strain 14HG6B. As control, disease symptoms of an ectopic trans-

3

formant (T-DNA was randomly inserted in the genome) were assessed, and no significant difference in virulence was observed compared to 14HG6B. Water (Mock)-treated plants were completely healthy. Disease index was scored on a scale
of 0–4 (0, no symptoms; 1, one brown vessel below the cotyledons; 2, one or two brown vascular bundles at cotyledons;
3, three brown vascular bundles and growth distortion; 4, all vascular bundles are brown, plant either dead or very small
and wilted). One-way ANOVA was performed on fresh weight. Kruskal-Wallis test was performed on disease index.

Fig S2: Illumina whole genome read mapping of GFP deletion strains reveals a few minor changes in the core
genome.
(A) Whole genome reads of nine GFP deletion strains were mapped to the SMRT assembly of Fol4287. As reference,
Illumina reads of Fol4287 itself were also mapped. For comparison of differences within and between deletion strains,
genome coverage was normalized. No obvious changes were observed in the core genome of the three previously
generated strains 14-4, 14-7, and 14-2. For all the deletion strains generated in this study, the same small deletion was
observed at the end of contig 0. In addition, ΔGFP#20, ΔGFP#22, ΔGFP#8, and ΔGFP#29 all showed the same deletion
in contig 47. For ΔGFP#29, deletions at the end of contig 3 and contig 7 and one duplication at the end of contig 61 were
also observed. GC content (B) and repeat distribution across the genome (C) are also displayed. ►
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Fig S3: Illumina whole genome read mapping of RFP deletion strains reveals a few minor changes in the core
genome.
(A) Whole genome reads of four RFP deletion strains were mapped to the SMRT assembly of Fol4287. As reference,
Illumina reads of Fol4287 itself were also mapped. For comparison of differences within and between deletion strains,
genome coverage was normalized. For all the deletion strains, the same small deletion was observed at the end of contig
0 and in the middle of contig 47. For ΔRFP#12, a deletion at the end of contig 2 was observed. GC content (B) and repeat
distribution across the genome (C) are also displayed.
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Fig S4: Stringent selection of mapped Illumina reads of HCT strains and donor strains to the SMRT assembly
of Fol4287 shows absence of core chromosome transfer and confirms transfer of accessory regions.
(A) Illumina reads of HCT strains (HCT_ΔGFP#29-2, HCT_ΔGFP#8-2 and HCT_ΔGFP#26-1) and their respective donor strains (ΔGFP#29, ΔGFP#8 and ΔGFP#26-1) were mapped to the SMRT assembly of Fol4287, and only those reads
that mapped completely and without any mismatches were selected. In the case of transfer of core chromosomes, a high
density of perfectly mapped reads was expected, even in the sub-telomeric regions as shown for the reference donor
strains. No core chromosome transfer was observed for any HCT strain. (Partial) pathogenicity chromosome transfer
was confirmed for all HCT strains. In HCT_ΔGFP#29-2, co-transfer of contig 58 and part of contig 47 was observed.
GC content (B) and repeat distribution across the genome (C) are also displayed.
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1: ∆GFP#8_SC; 2: HCT_∆GFP#8_SC; 3: ∆GFP#26; 4: HCT_∆GFP#26_SC;
5: ∆RFP#11; 6: ∆RFP#12; 7: ∆GFP#29_SC_L; 8: ∆GFP#29_SC_S;
9: ∆GFP#29_SC_XS; 10: HCT_∆GFP#29_SC_L; 11: HCT_∆GFP#29_SC_S
Fig S5: Single chromosomes cut from a CHEF gel for sequencing.
Eight strains were selected for chromosome separation in a CHEF gel. In total, 11 bands were cut from the gel (1 to 11)
and sent for sequencing. The numbers are indicated on the respective bands. The same number indicates corresponding
bands from the same strain. The name used in the main text for each number is listed below the gel. Chromosomes of
S. cerevisiae were used as marker.
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▲Fig S6: Single chromosome sequencing confirms partial pathogenicity chromosomes in both donor and HCT
strains.
(A) Illumina reads of 11 bands cut from a CHEF gel (see Fig. S5) were mapped to the SMRT assembly of Fol4287. As
reference, Illumina reads of Fol4287 itself were also mapped. Except band ΔGFP#29_SC_XS, which was not successfully sequenced, the remaining ten bands indeed contained sequences of the pathogenicity chromosome (contig 14).
For example, the same partial pathogenicity chromosome is present in donor strains (ΔGFP#8 and ΔGFP#26) and the
respective recipient strains (HCT_ΔGFP#8-2 and HCT_ΔGFP#26-1). Band ΔGFP#29_SC_S contained sequences from
contig 7 and part of the pathogenicity chromosome. Instead of band HCT_ΔGFP#29_SC_S, band HCT_ΔGFP#29_
SC_L was confirmed to be the transferred chromosome, containing sequences of the pathogenicity chromosome as well
as contig 58 and part of contig 47. GC content (B) and repeat distribution across the genome (C) are also displayed.
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Table S1: Summary of Agrobacterium-mediated Fusarium transformations.
ATMT
round

Plamids

Original strain

Number of
transformants Description

14HG6B

396

No in locus transformants;
two transformants have lost
SIX10, SIX12 and close
regions

pRW1pPfem1RFP_FOXG_16428 14HG6B

406

One in locus transformant,
containing ectopic insertions

pRW1pPfem1RFP_SIX10/12/7

14HG6B

37

No in locus transformant

pRW1pPfem1RFP_FOXG_14135 14HG6B

60

No in locus transformant

pRW1pPfem1RFP_FOXG_16428 14HG6B

59

No in locus transformant

ATMT_III

pRW1pPfem1RFP_FOXG_16428 14HG6B

480

No in locus transformant

ATMT_IV

pRW1pPfem1RFP_FOXG_14135 14HG6B

240

One in locus transformant,
without ectopic insertions

ATMT_I

ATMT_II

82

pRW1pPfem1RFP_SIX10/12/7

Name

14HG6B

14HGPR

14-2
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ΔGFP#1

ΔGFP#2

ΔGFP#3

ΔGFP#4

ΔGFP#5

ΔGFP#6

ΔGFP#7

ΔGFP#8

ΔGFP#9

ΔGFP#10

ΔGFP#11

ΔGFP#12

ΔGFP#13

ΔGFP#14

FP

3057
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3074
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4340
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4344
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absence.
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+
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+
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+
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+
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+
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+

+

+
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+

+

+

+

+

+

+

+

+

+

+
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+

+
+

+
+

+

SIX5 SIX13 RFP SIX10 SIX12 SIX7 SIX13

Symbols used in the table: + for positive PCR result, - for negative PCR result; grey regions without symbol for presumed presence, white regions without symbols for presumed

Table S2: Fol pathogenicity chromosome deletion strains obtained.
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+

+

+

+

+

+

-

+

+

SIX6 OXR1 SIX11 Cen

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

SIX14 SIX2

+

+

+

+

+

SIX3

3

FP

+

+

+

+

+

+

+

+

+

SIX5

+

+

+

SIX13

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

RFP SIX10 SIX12 SIX7

SIX13
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ΔGFP#36

ΔGFP#37

ΔGFP#38

ΔGFP#39

ΔGFP#40

ΔGFP#41

ΔGFP#42

ΔGFP#43

ΔRFP#1

ΔRFP#2

ΔRFP#3

ΔRFP#4

ΔRFP#5

ΔRFP#6

ΔRFP#7

ΔRFP#8

ΔRFP#9

ΔRFP#10

ΔRFP#11

ΔRFP#12

ΔRFP#13

ΔRFP#14

4597

4598

4599

4600

4601

4602

4603

4604

4360

4357

4358

4359

4606

4607

4608

4609

4610

4611

4612

4613

4614

4699

+

+

+

+

-

-

+

+

+

-

+

+

+

+

-

-

+

-

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

-

-

-

-

-

+

+

+

+

+

-

-

+

-

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

-

+
-

+
+
+
+
+
+
+
+
-

-

+
-

-

-

+

-

-

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

-

-

+

-

-

+

-

+

-

-

+

+

+

+

+

+

+

+

+

+

+

-

-
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85

86

ΔRFP#15

ΔRFP#16

ΔRFP#17

ΔRFP#18

4700

4701

4702

4703

c

g

+

+

+

+

GFP

+

SIX9 SIX6

+

+

+

-

+

ORX1 SIX11 Cen

+

+

-

+

3

Minimal number of different chromosomal
deletions
1,3

3

Loss of fluorescence confirmed by PCR

RFP or GFP gene loss strains / 4 million spores

3

199

Colonies formed on PDA plates

Loss of fluorescence confirmed microscopically

226

8983381

Loss of red
fluorescence

13

12

18

20

27

250

6098306

Loss of green
fluorescence

FACS_II (5 cultures)

Deflected spores

Total spores

FACS run

Culture

+

+

-

+

SIX3

+

+

-

+

4,6

6

10

10

335

375

5218645

Loss of red
fluorescence

184

45

63

63

74

250

2129312

Loss of green
fluorescence

-

+

+

-

+

1,0

5

5

5

246

289

21200000

Loss of green
fluorescence

-

-

-

-

-

-

-

-

SIX7 SIX13

FACS_IV (10 cultures)

SIX10 SIX12

Loss of red
fluorescence

-

-

-

-

SIX5 SIX13 RFP

FACS_III (5 cultures)

+

+

-

+

SIX14 SIX2

Table S3. Summary of three Fluorescence Assisted Cell Sorting (FACS) experiments.

Name

3

FP

Chapter 3

FACS_II_14HGPR-2

FACS_II_14HGPR-3

1

1

1

3

Loss of fluorescence confirmed by
microscopy

RFP or GFP gene
loss strains

RFP or GFP gene
loss strains / 4 million
spores
4

2

2

131

150

1983381

35

11

12

13

50

1258425

2

1

1

22

25

2000000

FACS_II_14HGPR-5

FACS_III_14HGPR-2

1
0
-

46
1
0
-

-

-

-

-

0

2000000

FACS_III_14HGPR-4

50

50

FACS_III_14HGPR-3

259534

2000000

-

-

-

0

1

1000000

FACS_III_14HGPR-5

9

3

3

4

50

1377664

50
28
25
25
161

Colonies formed on PDA plates

Loss of fluorescence confirmed by microscopy

RFP or GFP gene loss strains

RFP or GFP gene loss strains / 4 million spores

619883

-

0

0

69

75

959552

59

5

5

7

50

337800

2,7

1

2

66

75

1485529

958565
75
62
8
1
4,0

215871
50
8
6
6
111

58

5

5

6

50

345356

13

5

5

64

75

1518441

144

22

22

25

50

610402

27

2

2

74

75

296558

14HGPR-1ΔGFP 14HGPR-1ΔRFP 14HGPR-2ΔGFP 14HGPR-2ΔRFP 14HGPR-3ΔGFP 14HGPR-3ΔRFP 14HGPR-4ΔGFP 14HGPR-4ΔRFP 14HGPR-5ΔGFP 14HGPR-5ΔRFP

Deflected spores

Total spores

FACS run

FACS_III_14HGPR-1

11

5

5

8

50

1839232

Table S5. Details of the third Fluorescence Assisted Cell Sorting (FACS) experiment.

50

1363451

Colonies formed on
PDA plates

Culture

FACS_II_14HGPR-4

14HGPR-1ΔGFP 14HGPR-1ΔRFP 14HGPR-2ΔGFP 14HGPR-2ΔRFP 14HGPR-3ΔGFP 14HGPR-3ΔRFP 14HGPR-4ΔGFP 14HGPR-4ΔRFP 14HGPR-5ΔGFP 14HGPR-5ΔRFP

FACS_II_14HGPR-1

Deflected spores

Total spores

FACS run

Culture

Table S4. Details of the second Fluorescence Assisted Cell Sorting (FACS) experiment.
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87

88

50

42

1

1

20

Colonies formed
on PDA plates

Loss of fluorescence confirmed
by microscopy

RFP or GFP gene
loss strains

RFP or GFP gene
loss strains / 4
million spores

200000

ΔRFP

Deflected spores

Total spores

FACS run

-

-

0

1

2

1000000

ΔRFP

-

-

0

3

4

1000000

ΔRFP

-

-

0

42

50

2000000

ΔRFP

-

-

0

5

7

1000000

ΔRFP

-

-

0

42

50

5000000

ΔRFP

1,3

2

2

41

50

6000000

ΔRFP

1,3

1

1

42

50

3000000

ΔRFP

4,0

1

1

15

21

1000000

ΔRFP

-

-

0

3

5

1000000

ΔRFP

FACS_
FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HG- FACS_IV_14HGIV_14HGPR-1
PR-2
PR-3
PR-4
PR-5
PR-6
PR-7
PR-8
PR-9
PR-10

3

Culture

Table S6. Details of the fourth Fluorescence Assisted Cell Sorting (FACS) experiment.
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Table S7: Strains and single chromosomes sent for sequencing.
Name

Description

Sequencing platform

Fol4248

Wild type

Illumina (Broad)

Fol4248

Wild type

Pacbio

ΔGFP#8

Loss of GFP deletion strain

Illumina

ΔGFP#20

Loss of GFP deletion strain

Illumina

ΔGFP#22

Loss of GFP deletion strain

Illumina

ΔGFP#26

Loss of GFP deletion strain

Illumina

ΔGFP#27

Loss of GFP deletion strain

Illumina

ΔGFP#29

Loss of GFP deletion strain

Illumina

ΔRFP#11

Loss or RFP deletion strain

Illumina

ΔRFP#12

Loss or RFP deletion strain

Illumina

ΔRFP#14

Loss or RFP deletion strain

Illumina

ΔRFP#16

Loss or RFP deletion strain

Illumina

HCT_ΔGFP#29-2

HCT Strain

Illumina

HCT_ΔGFP#8-2

HCT Strain

Illumina

HCT_ΔGFP#26-1

HCT Strain

Illumina

ΔGFP#8_SC

Single chromosome

Illumina

HCT_ΔGFP#8_SC

Single chromosome

Illumina

ΔGFP#26_SC

Single chromosome

Illumina

HCT_ΔGFP#26_SC

Single chromosome

Illumina

ΔRFP#11_SC

Single chromosome

Illumina

ΔRFP#12_SC

Single chromosome

Illumina

ΔGFP#29_SC_L

Single chromosome

Illumina

ΔGFP#29_SC_S

Single chromosome

Illumina

ΔGFP#29_SC_XS

Single chromosome

Illumina

HCT_ΔGFP#29_SC_L

Single chromosome

Illumina

HCT_ΔGFP#29_SC_S

Single chromosome

Illumina

3

89

3

90

+

-

-

-

+

-

-

ΔGFP#24

ΔGFP#26

ΔGFP#27

ΔGFP#29

ΔGFP#37

ΔGFP#40

ΔGFP#41

+

-

-

+

-

-

-

+

-

-

-

-

-

-

-

-

-

-

-

-

+

-

ΔGFP#23

+

-

ΔGFP#22

-

-

ΔRFP#11

-

ΔGFP#20

+

-

+

+

ΔGFP#19

-

-

ΔRFP#7

-

ΔGFP#18

-

-

+

-

ΔGFP#12

-

-

ΔRFP#2

-

ΔGFP#8

-

-

GFP

+

-

ΔGFP#6

-

g

ΔRFP#1

-

ΔGFP#2

c

+

-

-

+

+

-

-

+

+

-

-

+

+

-

-

-

+

SIX9

+

+

-

+

+

+

-

+

+

-

-

+

+

-

-

-

+

SIX6

+

+

-

+

+

-

-

+

+

-

-

+

+

-

+

-

+

ORX1

+

+

-

+

+

+

-

+

+

-

-

+

+

SIX11

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

Cen

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

SIX14

+

+

+

+

+

+

+

+

+

+

+

+

SIX2

+

+

+

+

SIX3

+

+

+

+

+

+

+

+

+

+

+

+

SIX5

+

+

+

+

SIX13

-

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

RFP

-

+

SIX10

-

+

SIX12

No: no successful transfer; Yes: successful transfer. Only strains for which transfer was attempted are shown in this table.

Table S8. Summary of Horizontal Chromosome Transfer (HCT) experiments.

-

+

+

+

+

SIX7

-

SIX13

No

No

No

No

HCT_I

No

No

Yes

No

No

No

No

No

No

No

Yes

No

No

No

No

No

No

No

Yes

No

No

Yes

No

No

No

No

No

HCT_II HCT_III HCT_IV HCT_V
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+

ΔRFP#18

+

+

+

+

+

+

+

+

+

-

+

+

+

-

+

-

+

-

+

-

+

-

-

+

-

-

-

-

-

-

4

no

1:01

PDA

Number of donor strains

CAT medium pre-incubation

Donor:recipient ratio

Co-incubation medium

HCT_I

PDA; CDA

1:1; 10:1;
20:1

1:1; 5:1;
10:1
PDA

no

8

HCT_III

no

7

HCT_II

PDA

10:01

yes

6

HCT_IV

PDA: potato dextrose agar; CDA: Czapek Dox Agar. CAT medium: 0.17% YNB, 25 mM KNO3.

Table S9. Different strain ratios and media used in five HCT experiments.

+

+

ΔRFP#16

+

+

+

ΔRFP#14

ΔRFP#12

-

PDA; CDA

1:01

no

15

HCT_V

-

-

-

-

-

+

-

-

No

No

No

No
No

No

No

No

No
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3

91

3

92

+

+

+

+

+

+

+

+

-

+

+

+

+

+

HCT_ΔGFP#8-3

HCT_ΔGFP#8-4

HCT_ΔGFP#8-5

HCT_ΔGFP#8-6

HCT_ΔGFP#8-7

HCT_ΔGFP#8-8

HCT_ΔGFP#8-9

HCT_ΔGFP#810

ΔGFP#26

HCT_ΔGFP#261

HCT_ΔGFP#262

HCT_ΔGFP#263

HCT_ΔGFP#264

HCT_ΔGFP#265

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

HCT_ΔGFP#8-2

+

+

HCT_ΔGFP#8-1

+

-

-

c

ΔGFP#8

BLE2

+

HYG2

14HGPR

SCAR

presumed to be absent.

-

+

g

-

-

+

HYG1

-

-

+

GFP

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

+

SIX9

-

-

-

-

-

-

-

-

-

-

-

-

+

SIX6

-

-

-

-

-

-

+

+

+

+

+

+

+

+

+

+

+

-

-

-

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

SIX11 ORX1

-

-

-

-

-

-

CenL

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Cen

+

+

+

SIX14

+

+

SIX2
+

SIX3

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

SIX5
+

SIX13

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

BLE1

+

+

+

RFP
+

SIX10
+

SIX12
+

SIX7

+

SIX13

Symbols used in the table: + for positive PCR result, - for negative PCR result; black regions without symbol are presumed to be present, white regions without symbols are

Table S10. Horizontal chromosome transfer was confirmed by PCR.

Chapter 3

+

+

-

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

HCT_ΔGFP#266

HCT_ΔGFP#267

ΔGFP#29

HCT_ΔGFP#291

HCT_ΔGFP#292

HCT_ΔGFP#29-Δ

HCT_ΔGFP#294

HCT_ΔGFP#295

HCT_ΔGFP#296

ΔRFP#1

HCT_ΔRFP#1-1

HCT_ΔRFP#1-2

HCT_ΔRFP#1-3

HCT_ΔRFP#1-4

HCT_ΔRFP#1-5

HCT_ΔRFP#1-6

HCT_ΔRFP#1-7

Fo47_hgy1

Fo47_GRB1

-

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

-

-

+

+

+

+

+

+

+

+

-

+

+

-

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

+

-

-

-

+

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+
+
+
+
-

-

+

+

+

-

+

+

+

+

+

-

+

+

+

+

+

-

+

+

+

+

+

+

+
+

+

+

+
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93

94

Name

RFP-XbaI-F

RFP-BglII-R

HiFi-six10/12/7-LF-F

HiFi-six10/12/7-LF-R

HiFi-six10/12/7-RF-F

HiFi-six10/12/7-RF-R

HiFi-FOXG_14135-LF-F

HiFi-FOXG_14135-LF-R

HiFi-FOXG_14135-RF-F

HiFi-FOXG_14135-RF-R

HiFi-FOXG_16428-LF-F

HiFi-FOXG_16428-LF-R

HiFi-FOXG_16428-RF-F

HiFi-FOXG_16428-RF-R

FP number

FP6992

FP6993

FP7075

FP7076

FP7077

FP7078

FP7172

FP7173

FP7174

FP7175

FP7176

FP7177

FP7178

FP7179

Table S11: Primers used for cloning.

3
acatgattacgaattcttataagatCGATCTCATGCTCGGCAG

aggatccccgggtaccgagctcgatTCGACCTACGCCAGTCGTT

tatgccctttgtggcttatactccaCAATGTGCAATGTTAGAACG

cgttgtaaaacgacggccagtgccaATCGAAGATCCAACGAAC

acatgattacgaattcttataagatCCGTAGACTCTTTCCTACCC

aggatccccgggtaccgagctcgatACCCAAGACAGAAGGCGA

tatgccctttgtggcttatactccaGTAGGAAACTTCGATGACTACC

cgttgtaaaacgacggccagtgccaAGAAAGGGGTTCTGAAGG

acatgattacgaattcttataagatCAACTAATCGCTACTAGCAGTC

aggatccccgggtaccgagctcgatGAGTGCTATACCTATGCTCG

tatgccctttgtggcttatactccaCAATAGTCACTGGCTGCAG

cgttgtaaaacgacggccagtgccaCGTTGATTGATTAGCAAGC

TTTagatctTTAGGCGCCGGTGGAGTGG

AAAtctagaATGGCCTCCTCCGAGGACG

Sequence

975

1078

941

1052

892

1117

684

Size of PCR product (bp)

Downstream of FOXG_16428

Upstream of FOXG_16428

Downstream of FOXG_14135

Upstream of FOXG_14135

Downstream of SIX7

Upstream of SIX10

RFP

Target sequence
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Table S12: Markers on the pathogenicity chromosome.
FP number Name

Sequence

Size of PCR product (bp) Target sequence

FP4954

FOXG_14164F

TACAGCCAGCTCAATAAGG

518

FOXG_14164 (c)

FP4955

FOXG_14164R

TTATGTGTGTCGCTAGGTTC

FP4852

FOXG_14188F2

TTACTAACGTGATTGAACGG

527

FOXG_14188 (g)

FP4853

FOXG_14188R2

AACATGAACAGGCTCCATCC

FP732

GFP-F-Apa1

AAAGGGCCCATGGTGAGCAAGGGCGAGGAG

732

GFP

FP733

GFP-R-Apa1

AAAGGGCCCTTACTTGTACAGCTCGTCC

FP4455

SIX9-F2

CTTCTAGCAGTTGTAGCCAC

323

SIX9

FP4456

SIX9-R2

GTACGCCAGTTGACGCAAG

FP1490

SIX6-F1

CTCTCCTGAACCATCAACTT

793

SIX6

FP1491

SIX6-R1

CAAGACCAGGTGTAGGCATT

FP2014

ORX1-F1

GTTTGATCAGCCAGTTGTC

2294

ORX1

FP2015

ORX1-R1

ATTCCGGGCCATTTGGGTTC

FP7895

SIX11_F

TCAGATGCAGGGTCTATTGAG

333

SIX11

FP7896

SIX11_R

ATGATGTTCTCCAAAGCCATCC

FP8115

Cen_L_F

GACTCGAACGACTTGATGACG

966

Centromere_L

FP8116

Cen_L_R

GTGCACTATGTATAGAACAGC

FP2545

PRED.PRO.16.F1 AGTTACCAGCCAAAGTGATCG

1359

Centromere_R

FP24546

PRED.PRO.16.R1 CAGCACTTAGACCTTGCCTTG

FP7888

SIX14F

CCACTATCTTGCCACCTATGC

336

SIX14

FP7889

SIX14R

CCTTAACAGCTGGTGGCTAG

FP998

SIX2-F1

ATGCTCTTCAAAATCGCGTG

584

SIX2

FP999

SIX2-R1

TCAACATAGGCCACACCATT

FP2848

six3realtime1

ACTGATTGTGGCTGGACCTC

532

SIX3

FP1364

2D4-F13

ATCTGCTTGCACCCCAGCC

FP1488

SIX5-F1

ACACGCTCTACTACTCTTCA

667

SIX5

FP1489

SIX5-R1

GAAAACCTCAACGCGGCAAA

FP6681

ForcSIX13_ORFf CTCCTGGTTCTCCTATTGCTTAGG
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cucurbits

4

This chapter has been published as:
Li J, Fokkens L, van Dam P, Rep M. Related mobile pathogenicity chromosomes in Fusarium oxysporum determine host range on cucurbits, Molecular Plant Pathology. DOI:10.1111/
mpp.12927.

97

Chapter 4

Summary
Fusarium oxysporum (Fo) f.sp. radicis-cucumerinum (Forc) causes severe root rot and
wilt on several cucurbit species, including cucumber, melon, and watermelon. Previously,
a pathogenicity chromosome, chrRC, was identified in Forc. Strains that were previously
non- pathogenic could infect multiple cucurbit species after obtaining this chromosome via
horizontal chromosome transfer (HCT). In contrast, Fo f.sp. melonis (Fom) can only cause
disease on melon plants, even though Fom contains contigs that are largely syntenic with
chrRC. The aim of this study was to identify the genetic basis underlying the difference in
host range between Fom and Forc.

4

First, colonization of different cucurbit species between Forc and Fom strain showed that
although Fom did not reach the upper part of cucumber or watermelon plants, it did enter
the root xylem. Second, to select candidate genomic regions associated with differences in
host range, high-quality genome assemblies of Fom001, Fom005 and Forc016 were compared. One of the Fom contigs that is largely syntenic and highly similar in sequence to
chrRC contains the effector genes SIX6. After HCT of the SIX6 containing chromosome from
Fom strains to a non-pathogenic strain, the recipient (HCT) strains caused disease on melon
plants, but not on cucumber or watermelon plants. These results provide strong evidence
that the differences in host range between Fom and Forc are caused by differences between
transferred chromosomes of Fom and chrRC, thus narrowing down the search for genes allowing or preventing infection of cucumber and watermelon to genes located on these chromosomes.
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Introduction
Fusarium oxysporum (Fo) is a soil-borne fungus and is very common worldwide (Di Pietro
et al., 2003). Most Fo strains are not pathogenic and some are known to be beneficial to
plants (Di Pietro et al., 2003, Bubici et al., 2019). However, as a species complex, Fo can
cause severe disease on more than 100 plant species including some economically important
crops such as chickpea, tomato, banana and cucurbits (Michielse & Rep, 2009). Individual
strains of Fo can only infect one or a few related plant species (Kistler, 1997). Based on this
host specificity, pathogenic Fo strains are classified into different formae speciales (ff.spp.).
For example, Fo f.sp. radicis-cucumerinum (Forc) causes disease on the cucurbit species
cucumber, melon and watermelon, while Fo f.sp. melonis (Fom) can only cause disease on
melon. The genetic basis underlying the difference in host range between Fom and Forc is
still unknown.
To cause disease Fo first penetrates the root epidermis and then grows intercellularly or intracellularly in the root cortex. Eventually the fungus reaches the xylem vessels of the roots
and then spreads to the main root and stem in susceptible plants (Michielse & Rep, 2009).
In resistant plants, however, the fungus is mostly restricted to epidermal cells and the cortex
(Upasani et al., 2016). Colonization patterns of compatible or incompatible interactions between Fo and its host plants has been investigated in several ff.spp., including f.sp. melonis
(Zvirin et al., 2010), f.sp. ciceris (Jimenez-Fernandez et al., 2013, Upasani et al., 2016), f.sp.
conglutinans (Li et al., 2014), f.sp. radicis-cucumerinum (Cohen et al., 2015), f.sp. phaseoli
(Nino-Sanchez et al., 2015, Garces-Fiallos et al., 2017), f.sp. niveum (Zhang et al., 2015),
and f.sp. pisi (Bani et al., 2018). However, to our knowledge, colonization differences between host and non-host plants by Fo have not been studied so far.
To colonize plants, pathogens secrete a variety of molecules, including cell wall degrading
enzymes, secondary metabolites and small proteins called effectors (Perez-Nadales et al.,
2014). Effectors have been shown to contribute to virulence of xylem colonizing fungal
pathogens including Fo (de Sain & Rep, 2015), Verticillium (de Jonge et al., 2013, de Jonge
et al., 2012), Ceratocystis and Ophiostoma (de Sain & Rep, 2015). For example, in Fo f.sp.
lycopersici (Fol), Six1 (Secreted in xylem 1) (Rep et al., 2004), Six3 (Houterman et al.,
2009), and Six5 (Ma et al., 2015) have been shown to contribute to virulence. Some effectors
also act as avirulence factors that can be recognized by host immune receptors (Rep et al.,
2004, Houterman et al., 2008, Houterman et al., 2009, de Jonge et al., 2012).
In filamentous plant pathogens, virulence genes are commonly located in distinct genomic
regions (Croll & McDonald, 2012). These chromosomal regions or chromosomes are often
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rich in transposable elements (TEs) and undergo relatively fast evolution compared to the rest
of the genome (Croll & McDonald, 2012). For example, in Fol all identified SIX genes are located on one ‘pathogenicity’ chromosome, which is essential for infection (Ma et al., 2010).
TEs occupy at least 24% of this chromosome – twice as much as non-TE genes (Schmidt et
al., 2013). In Forc, some SIX homologs are present in a region of a horizontally transferrable
pathogenicity chromosome that is exceptionally TE-rich (van Dam et al., 2017).

4

In several fungal plant pathogens, virulence genes or entire chromosomes can undergo horizontal transfer and thereby confer host-specific pathogenicity (Mehrabi et al., 2011, Friesen
et al., 2006, Akagi et al., 2009, Ma et al., 2010). In Fo, mobile pathogenicity chromosomes
have been identified for tomato-infecting and cucurbit-infecting strains (van Dam et al.,
2017, Vlaardingerbroek et al., 2016a, Ma et al., 2010). In cucurbit-infecting Forc strains, the
pathogenicity chromosome chrRC that determines root and shoot rot was identified recently
and shown to be largely syntenic with a contig in the genome assembly of melon- infecting strain Fom001 (van Dam et al., 2017). We hypothesized that this contig in Fom001
determines virulence towards melon plants, and differences between chrRC and this contig
determine differences in host range between Forc and Fom. Furthermore, we hypothesized
that if this contig determines virulence towards melon, it is also present in Fom strains other
than Fom001, hence we included Fom005 (vegetative compatibility group (VCG) 0134)
that does not belong to the same clonal line as Fom001 (VCG 0136) (van Dam et al., 2017,
Schmidt et al., 2016).
In this study, we set out to i) investigate colonization of different cucurbit species by GFPlabelled Forc and GFP-labelled Fom strains, ii) identify pathogenicity chromosomes in two
Fom strains and iii) identify genomic regions or chromosomes that contribute to differences
in host range between Fom and Forc.

Results
Forc and Fom can colonize xylem vessels of cucumber, melon and watermelon roots
Forc causes disease on multiple cucurbit plant species, while Fom only causes disease on
melon plants (van Dam et al., 2016). We hypothesized that Forc strains fully colonize cucumber and watermelon plants, while colonization by Fom strains is restricted in cucumber
and watermelon roots. Fungal biomass in cucumber and melon roots one week after inoculation with Forc016, Fom001 or Fom005 was quantified by qPCR. The phenotypes of
respective cucumber and melon plants are shown in Fig. S1. The identical single copy gene
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SIX6 in Fom and Forc was selected to quantify fungal biomass, while the alpha-tubulin gene
of cucumber or melon was used for normalization to plant DNA. As expected, in the infected
cucumber roots the biomass of Fom001 and Fom005 was about 20 times less than the biomass of Forc016 (Fig. 1A). In the infected melon roots, no significant fungal biomass differences were observed between these three strains (Fig. 1B). The biomass differences between
Fom001 and Fom005 were very small (Fig. 1), therefore, only Fom005 and Forc016 were
used in the remaining experiments described in this section.
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Fig. 1: Fom001 and Fom005 are restricted in cucumber roots.
Fungal biomass of Fom001, Fom005, and Forc016 in cucumber and melon roots was quantified using qPCR one
week after infection. The single copy gene SIX6 in Fom and Forc was used to quantify fungal DNA, while the
alpha-tubulin gene of cucumber or melon was used for normalization to plant DNA. Five biological replicates and
three technical replicates were used for each treatment. RQ: relative quantification of fungal biomass; the lowest
sample was given value of 1 and the rest were calculated relative to that value. The asterisks (****) indicate a significant less fungal biomass when compared with the biomass of Forc016 (one-way ANOVA test, P < 0.0001). A)
In cucumber roots, the fungal biomass of Fom001 and Fom005 is about 20 times less than the biomass of Forc016.
B) In melon roots, no significant biomass differences were observed between these three strains.

To further assess potential differences in colonization of cucumber, melon and watermelon
roots by Forc and Fom, Forc016 and Fom005 transformants carrying GFP under a constitutive promoter (FEM1 promotor), that show wild type virulence on cucumber and melon,
were selected to inoculate cucumber, melon and watermelon seedlings on petri dishes (see
methods). Colonization of infected cucumber and melon roots was then observed microscopically at 6 days post inoculation (dpi) and at 16 dpi. Both Forc016_GFP and Fom005_
GFP reached xylem vessels of cucumber and melon roots at 6 dpi. However, further growth
of Fom005_GFP hyphae into the hypocotyl of cucumber was not observed, and these plants
still appeared healthy (data not shown).
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To investigate colonization differences before 6 dpi in more detail, infected roots of cucumber, melon and watermelon plants were observed microscopically at 1 dpi, 2 dpi, 3 dpi,
4 dpi, and 14 dpi using the same methods mentioned above. At 1 dpi both Forc016_GFP
and Fom005_GFP spores had germinated and some hyphae were present intercellularly between epidermal cells of all infected plants, while the plants appeared to be healthy. At 2
dpi hyphae were present extensively in the root cortex of all infected plants. At this stage,
while no colonization of the xylem was observed, root browning in all infected plants was
apparent. During 3-4 dpi (Fig. 2), xylem colonization for all infected roots was observed
and all roots were dark brown. Disease progress was followed until 14 dpi, at which time
Forc016_GFP- infected cucumber, melon and watermelon plants all showed severe wilting,
root and stem rot (Fig. S2). Fom005_GFP-infected melon plants showed wilting, root and
stem rot, while cucumber and watermelon plants infected with Fom005_GFP still appeared
healthy with light brown roots (Fig. S2). To assess whether Fom005_GFP colonized the
upper part of healthy- appearing cucumber and watermelon plants at 14 dpi, the presence of
Fom005_GFP hyphae at the hypocotyl level was assessed. No hyphae or spores were found

4

Fig. 2: Forc016 and Fom005 can colonize xylem vessels of cucumber, melon and watermelon at 3-4 days post
inoculation (dpi).
Six days old cucumber and 10 days old melon and watermelon seedlings were treated with water (not shown),
Forc016_GFP (107 spores/mL), and Fom005_GFP (107 spores/mL) in petri dishes. At 3-4 dpi, xylem colonization
of all plants by both Forc016_GFP and Fom005_GFP was observed. The white arrows indicate hyphae growing
inside xylem vessels. The white bars are 200 µm in length.
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at the hypocotyl level for both cucumber (Fig. S3) and watermelon plants (data not shown).
Interestingly, at 3-4 dpi, we observed that cucumber roots started to produce new roots. This
was not the case for melon and watermelon. At 14 dpi, Fom005_GFP-infected cucumber
plants still appeared healthy with a large number of newly produced, thick lateral roots (Fig.
S2), while Forc016_GFP infected cucumber plants had fewer and shorter newly produced
lateral roots (Fig. S2). In addition, Forc016_GFP-infected cucumber showed severe root
rot within two weeks. Fom005_GFP-infected watermelon plants showed stress symptoms
(leaves turning from shiny to dull) during 3-4 dpi but they were fully recovered at 14 dpi;
production of new roots was not observed. In addition, watermelon had fewer roots than
cucumber and melon, but watermelon roots were much thicker than cucumber and melon
roots.
To conclude, like Forc, melon-infecting strains can enter into the root xylem of cucumber
and watermelon plants without, however, reaching the stem in the hydroponic infection
system employed.
Part of the genome of Fom001 and Fom005 is syntenic with the pathogenicity chromosome in Forc
Previously, a mobile pathogenicity chromosome, called chrRC, was identified in Forc016
(van Dam et al., 2017). Comparisons of chrRC to a high-quality assembly of Fom001 revealed that the genome of Fom001 contains two contigs, contig 127 and contig 13, that
are largely syntenic with chrRC (van Dam et al., 2017) (Fig. 3A). These two contigs have
an overlap of around 10 kb but with some SNPs in the overlap region. If these two contigs
constitute a pathogenicity chromosome in Fom (chrMLN), syntenic contigs were expected to
be present in a genome assembly of Fom005. The genome of Fom005 was sequenced with
single molecule real-time sequencing (SMRT) to achieve a high-quality genome assembly
(Table S1). This assembly was compared to the putative pathogenicity chromosome contigs
of Fom001 and the previously identified chrRC of Forc016. We found that in the genome
assembly of Fom005, chrRC-syntenic contigs include contigs 16, 139, 129, 168 and 144 (Fig.
3B). No end- overlap was found among these contigs. Interestingly, chrRC-syntenic regions
in Fom001 and Fom005 are almost 100% identical (Fig. 3C). Two single copy candidate
effector genes, SIX6 and SIX11, are located in the repeat-rich region of Fom001 contig
127 and Fom005 contig 129. Both of these SIX gene homologs are identical to the SIX6
and SIX11 homologs present on chrRC. We hypothesized that the chrRC-syntenic contigs in
Fom001 and Fom005 constitute a pathogenicity chromosome containing virulence genes for
infection of melon.

103

4

Chapter 4

B

100

1.5

Fom005 (Mb)

Fom001 (Mb)

Contig144

1.0

95

1.5
Contig168

90
1.0

85

Contig129
0.5

%similarity

A

80

0.5
75

contig127
contig13

0

0.5

1.0

1.5

Forc016 chrRC (Mb)

Contig139
Contig16

2.0

0

0.5

1.0

1.5

Forc016 chrRC (Mb)

2.0

70

C
Contig144
1.6

Fom005 (Mb)

Contig168
1.2

0.8

Contig129

0.4

Contig139
Contig16
3
g1 127
nti
g
co onti
c

4

0.4

0.8

1.2

1.6

Fom001 (Mb)

Fig. 3: chrRC syntenic regions are present in Fom001 and Fom005.
(A) Contigs 13 and 127 of Fom001 are largely syntenic with Forc016 chrRC (nucmer alignment with manual adjustment). These syntenic regions are also present in Fom005 and include contigs 16, 139, 129, 168, and 144 (B). Contigs
13 and 127 of Fom001 are almost identical to contigs 16, 139, 129, 168, and 144 of Fom005 (C). Alignments are
color-coded according to their similarity.

Horizontal transfer of Fom chromosomes
If the putative pathogenicity chromosome (chrMLN) that we identified in Fom001 and Fom005
is sufficient to enable melon-infection, transfer of this chromosome into a non-pathogenic strain was expected to render the recipient strain pathogenic on melon. To test this, a
hygromycin-resistant gene (HYG) as a marker was placed in the SIX6 locus to select for
transfer of chrMLN from Fom001 and Fom005 to a non-pathogenic strain. Two Fom001- de104
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rived strains (Fom001ΔSIX6#11 and Fom001ΔSIX6#34) and three Fom005-derived strains
(Fom005ΔSIX6#1, Fom005ΔSIX6#17 and Fom005ΔSIX6#87) were obtained, in which
SIX6 was replaced with HYG. When melon plants were inoculated with these SIX6 deletion
strains, no reduction of virulence was observed compared to the wild type strains (Fig. S4),
indicating that SIX6 does not contribute to virulence of Fom under the tested conditions (see
methods).

Table 1: Horizontal chromosome transfer (HCT) strains.
Donor strain*

HCT strain

Fom001ΔSIX6#11

Fom001_HCT#1
Fom001_HCT#2
Fom001_HCT#3
Fom001_HCT#4
Fom001_HCT#5
Fom001_HCT#6
Fom001_HCT#7
Fom001_HCT#8
Fom001_HCT#9
Fom001_HCT#10

Fom005ΔSIX6#1

Fom005_HCT#1

4

Fom005_HCT#2
Fom005ΔSIX6#87

Fom005_HCT#3
Fom005_HCT#4

Forc016ΔSIX6#46

Forc016_HCT#1

*The recipient strain is Fo47 in all cases.

To test transferability of HYG-labeled chrMLN from Fom001 and/or Fom005, three potential hygromycin-resistant donor strains, Fom001ΔSIX6#11, Fom005ΔSIX6#1 and Fom005ΔSIX6#87 were co-incubated with the non-pathogenic strain Fo47 containing a
randomly inserted zeocin-resistance marker (Vlaardingerbroek et al., 2016a). As positive
control, Forc016ΔSIX6#46 was included as a donor strain (van Dam et al., 2017). Double
drug-resistant colonies were found for all combinations (Table 1). Ten double drug-resistant colonies were recovered from co-incubating Fom001ΔSIX6#11 with Fo47, and two
double drug-resistant colonies were found by co-incubating Fom005ΔSIX6#1 and Fom005ΔSIX6#87 with Fo47, respectively. For Forc016ΔSIX6#46, only one double drug- resistant colony was obtained. All double drug-resistant colonies were confirmed by PCR to
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have a Fo47-specific SCAR marker and to carry both HPH and BLE genes.
To assess horizontal chromosome transfer (HCT) and visualize the karyotypes of the putative HCT strains, Fom001_HCT #3, #4, #5, Fom005_HCT #1, #2 and Forc016_HCT#1
(Table 1) were selected for Contour-clamped homogeneous electric field (CHEF) electrophoresis analysis. All HCT strains showed the karyotype pattern of Fo47, with extra chromosomes visible in some strains (Fig. 4). Surprisingly, two chromosomes were transferred
from Fom005ΔSIX6#1 to Fo47 for both HCT strains tested. These two HCT strains may
have originated from the same transfer event as they emerged on the same double-selective
plate. For HCT strains Fom001_HCT #3, 4 and #5, no extra band was observed. In the
case of Forc016_HCT#1, chrRC co-migrated with the smallest chromosome of Fo47, which
showed a band with double intensity on the gel, as was also observed in the previous study
(van Dam et al., 2017).

4

To investigate which sequences of the Fom001 and Fom005 genomes had been transferred
to Fo47, the genomes of three Fom001 HCT strains, Fom001_HCT #3, #4, #5, and three
Fom005 HCT strains, Fom005_HCT#2, #3, #4 were sequenced. In addition, the genome
of the recipient strain Fo47 was also sequenced with SMRT sequencing (Table S1) and
used this assembly in downstream analyses. To identify which chromosomes were newly
acquired during the transfer experiment, all reads that did not map to the genome of the recipient strain Fo47 were extracted, and these reads were mapped to the genome assembly of
the donor strain Fom001 (Fig. 5) or Fom005 (Fig. 6). Fig. 5A and B show that, even though
no extra band was observed on the CHEF gel, HCT strains Fom001_HCT #3 and #4 resulted
from transfer of Fom001 contigs 124 (~2.1 Mb), 3 (~1.5 Mb), 34 (~0.07 Mb), 13 (~0.1
Mb) and 127 (~1.7 Mb) to Fo47. The HCT strain Fom001_HCT #5 resulted from transfer
of part of contig 124, part of contig 3, and the entire contigs 13, 34, and contig 127. It was
shown earlier that the size of the SIX6-containing chromosome in Fom001 is around 2 Mb
(van Dam et al., 2017). Therefore, contig 127 and 13 most likely constitute chrMLN which is
largely syntenic with chrRC, while contig 124, contig 3 and contig 34 could form one chromosome or belong to different chromosomes. Part of read densities of contig 127 were twice
as high as those of the rest of the contig in all three HCT strains.
HCT strains Fom005_HCT#2, #3, and #4 all resulted from transfer of contigs 17 (1.6 Mb),
134 (~0.2 Mb), 140 (~0.2 Mb), 41 (~0.1 Mb), 29 (~0.1 Mb), 16 (~0.1 Mb), 139 (~0.6 Mb),
129 (~0.7 Mb), 168 (~0.4 Mb), 144 (~0.1 Mb), and 142 (~0.15 Mb) to Fo47 (Fig. 6, contigs
in bold (~2 Mb) are syntenic with chrRC). Read densities of contig 16, 139, 129, 168, 144
and 142 were twice as high as those of contigs 17, 134, 140, 41 and 29 (contigs in bold are
syntenic with chrRC). Since two chromosomes – both of around 2Mb in size – were observed
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Fig. 4: Contour-clamped homogeneous electric field electrophoresis revealed transfer of two chromosomes
from Fom005ΔSIX6#1 to Fo47_pGRB.
HCT strains Forc016_HCT#1, Fom001_HCT #3, #4, #5 and Fom005_HCT #1, #2 have electrophoretic karyotypes
similar to that of Fo47_pGRB. In addition, strains Fom005_HCT #1 and #2 have two extra bands (indicated by
arrows), corresponding to bands of similar size present in the donor strain Fom005ΔSIX6#1. No extra band is
visible in the karyotypes of Fom001_HCT #3, #4 and #5. A double band (indicated by the arrow) is present in
Forc016_HCT#1 at the position of the smallest chromosome of Fo47_pGRB. The karyotype of the donor strain
Forc016 ΔSIX6#46 is weakly visible due to a low amount of DNA loaded. Chromosomes of S. pombe and S. cerevisiae were used as markers.

to be transferred from Fom005 to Fo47 (Fig. 4) and the contigs with higher read densities
were syntenic to chrRC (Fig. 3), we speculate that the contigs with higher read densities together form one transferred chromosome and the contigs with lower read densities form the
other chromosome. In conclusion, all Fom001 and Fom005 HCT strains had gained extra sequences besides the chrRC syntenic regions. These extra sequences are not syntenic between
the Fom001 and Fom005 HCT strains (Fig. S5).
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Fig. 5: Normalized Illumina read mapping confirms horizontal chromosome transfer from Fom001 to Fo47
and reveals partial deletions.
Reads of HCT strains were first mapped to Fo47. Read-pairs that were not mapped to Fo47 were extracted and
these unmapped reads were mapped to the SMRT assembly of Fom001 (A). HCT strains Fom001_HCT #3 (blue
line) and #4 (green line) resulted from transfer of Fom001 contigs 124 (~2.1 Mb), 3 (~1.5 Mb), 34 (~0.07 Mb), 13
(~0.1 Mb) and 127 (~1.7 Mb) to Fo47; The HCT strain Fom001_HCT #5 (red line) resulted from transfer of part
of contig 124 and 3, the entire contig 34, 13 and 127 (B). Read densities were normalized by dividing by average
read density.

To determine whether core chromosomes may have been transferred to HCT strains
(Vlaardingerbroek et al., 2016a), reads of the HCT strains were mapped directly to the
SMRT assembly of the donor strains Fom001 or Fom005, and only those reads that mapped
completely and without any mismatches were selected. In the case of transfer of core chromosomes, a high density of perfectly mapped reads was expected, even in the sub- telomeric
regions. However, this was not observed (Fig. S6A, B, C and D) and thus we concluded that
no core chromosomes had been transferred. This result was corroborated by the fact that the
band pattern of the HCT strains on the CHEF gel was more similar to that of the recipient
strain (Fig. 4). In addition, no reads of the HCT strains mapped to part of contig 10 and the
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Fig. 6: Normalized Illumina read mapping confirms horizontal chromosome transfer from Fom005 to Fo47
and reveals duplications.
Reads of HCT strains were first mapped to Fo47. Read-pairs that were not mapped to Fo47 were extracted and these
unmapped reads were mapped to the SMRT assembly of Fom005 (A). HCT strains Fom005_HCT#2 (grey line), #3
(purple line), and #4 (green line) all resulted from transfer of contigs 17 (1.6 Mb), 134 (~0.2 Mb), 140 (~0.2 Mb),
41 (~0.1 Mb), 29 (~0.1 Mb), 16 (~0.1 Mb), 139 (~0.6 Mb), 129 (~0.7 Mb), 168 (~0.4 Mb), 144 (~0.1 Mb), and 142
(~0.15 Mb) to Fo47; Read densities of contig 16, 139, 129, 168, 144 and 142 were twice as high as those of contigs
17, 134, 140, 41 and 29 (B). Read densities were normalized by dividing by average read density.

complete contig 22 in Fom001 (Fig. S6A), indicating that these regions belong to the accessory (non-conserved) genome of Fom001 and were not transferred. Interestingly, a SIX11
and a SIX13 homolog are located on this part of contig 10, while a SIX1 homolog is located
on contig 22. Contig 4 and 23 of Fom005 are also absent in Fo47 (Fig. S6C), but no SIX
gene homologs are present on these contigs. A SIX1 homolog, a SIX11 homolog and a SIX13
homolog which are located on contig 8 of Fom005 were also not transferred.
To check whether contig 129, 139, 168, 144, 142 and 16 of Fom005 have duplicated in the
HCT strains, or whether these apparently duplicated regions had been collapsed during assembly of the Fom005 genome, previously generated Fom005 reads (Schmidt et al., 2016)
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and HCT strains Fom005_HCT#2, #3, and #4 were mapped to the SMRT assembly of
Fom005. If these large-scale duplicated regions had collapsed during assembly of Fom005,
higher read densities of Fom005 in these regions was expected compared to other regions.
We did not observe this, however, and thus concluded that these regions had duplicated in
the HCT strains derived from Fom005 (Fig. S6E). Clear read density differences between
HCT strains and the donor strain were observed (dark blue line) (Fig. S6E), confirming that
no core chromosomes had been transferred into Fom005 HCT strains.

Horizontal transfer of Fom chromosomes can turn a non-pathogen into a strain that
can infect melon, but not cucumber or watermelon

4

To test whether chromosomes transferred from Fom strains is sufficient for infecting melon,
bioassays on susceptible melon plants were performed, comparing Fom001_HCT #3, #4,
#5, Fom005_HCT #1, #2, #3, #4 and Forc016_HCT#1 to donor strains Fom001, Fom005,
Forc016 and mock treatment. All donor strains and HCT strains caused disease on melon
plants, but there were differences in the severity of disease symptoms observed (Fig. 7A).
The three Fom001_HCT strains caused only moderate disease symptoms on melon plants
compared to their donor strain (Fig. 7A). In contrast, melon plants infected with each of the
four Fom005_HCT strains showed severe disease symptoms, comparable to infection with
the respective donor strains. To conclude, the chromosomes transferred from Fom001 and
Fom005 determine virulence on melon plants (Fig. 8A and B).

Fig. 7: Transferred chromosomes of Fom determine virulence on melon and differences between transferred
chromosomes of Fom and chrRC determine differences in host range between Fom and Forc.
Six days old cucumber and 10 days old melon and watermelon seedlings were inoculated with water (Mock) or
strains (1*107 spores/mL) at 20°C. Disease index (DI) of infected melon (A), cucumber (B), and watermelon (C)
plants were scored two weeks after inoculation. All HCT strains Fom001_HCT #3, #4, #5, Fom005_HCT #1, #2,
#3, #4 and Forc016_HCT#1 caused disease on melon plants (A). While Fom001_HCT #3, #4 and #5 showed
significant reduced virulence compared to the donor strain Fom001ΔSIX6#11, Fom005_HCT #1, #2, #3, #4 and
Forc016_HCT#1 showed no significant reduced virulence compared to their respective donor strains. In contrast
to Forc016_HCT#1, Fom-derived HCT strains neither caused disease on cucumber (B) nor on watermelon (C).
Kruskal-Wallis test was performed (*: 0.05 < p < 0.01; **: p < 0.01). ►
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Transferred chromosome

A

Fom001

Fo47

?
?

chrMLN

B

Fom005

Forc016

chrRC

4

Melon

Fo47

chrMLN

chrMLN

C

chrMLN

Melon

Fo47

chrRC

Cucumber

Melon
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Fig. 8: Schematic summary of chromosome transfers and their phenotypic effects.
(A) For Fom001, the SIX6-containing chromosome, chrMLN, which is around 2Mb, together with (an)other chromosome(s) (labelled with ‘?’) were transferred to Fo47, turning the recipient strain into a melon infecting strain.
(B) For Fom005, the SIX6-containing chromosome chrMLN (~2 Mb) was transferred to Fo47 together with another
chromosome (~2 Mb); thus, the recipient strain is able to infect melon. (C) The SIX6-containing chromosome in
Forc016 (chrRC) was transferred to Fo47, and the recipient strain with chrRC was able to infect cucumber, melon
and watermelon.

We considered that the difference in host range between Fom and Forc could be caused by
either (i) avirulence genes present in Fom (but absent in Forc) that are recognized by cucumber and watermelon and elicit an immune response, or (ii) virulence genes on chrRC that are
absent in Fom and that facilitate colonization and infection of cucumber and watermelon,
or a combination of both (i) and (ii). If the first hypothesis is true and the avirulence genes
in Fom are present in non-transferred parts of the genomes, HCT strains of Fom should
be able to cause disease on cucumber and watermelon plants. To test this, bioassays on
cucumber and watermelon with Fom_HCT strains were performed. It turned out that none
of the Fom_HCT strains could cause disease on cucumber or watermelon (Fig. 7B and C).
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This excludes the possibility that avirulence genes are present in non-transferred parts of
the Fom genomes. Among all transferred sequences of Fom001 and Fom005, only contig
13 and 127 of Fom001 are syntenic with contig 16, 139, 144, 129, and 168 of Fom005 (Fig.
S5). Therefore, genes that determine virulence on melon plants are most likely located on
these shared regions. These shared regions between Fom001 HCT strains and Fom005 HCT
strains are largely syntenic with chrRC (Fig. 3). However, around 300 kb of the repeat-rich
region of chrRC is absent in shared regions of transferred sequences of Fom001 and Fom005
(Fig. 3) (van Dam et al., 2017). This suggests that genes on the 300 kb region may determine
virulence on melon and watermelon plants.
In conclusion, differences between transferred chromosomes of Fom001 or Fom005 and
chrRC determine differences in host range between Fom and Forc (Fig. 8).

Discussion
We have found that both Forc and Fom are able to colonize xylem vessels of cucumber,
melon and watermelon plants, but colonization of cucumber and watermelon by Fom is
limited and restricted to the roots. In addition, transferred chromosomes of two Fom strains
can turn a non-pathogenic Fo strain into a melon-infecting strain. Lastly, we demonstrate
that differences between transferred chromosomes of Fom and chrRC determine differences
in host range between Fom and Forc.
GFP-labelled cucurbit-infecting strain Forc016 and melon infecting strain Fom005 were used
to infect cucumber, melon, and watermelon and the colonization process was followed until
14 dpi. Even though Fom005_GFP did not cause disease symptoms on non-host cucumber
and watermelon plants, it colonized root xylem vessels of all these plants after 3-4 dpi. Similarly, root xylem colonization of resistant host plants by Fo was observed in different plant
species, including melon (Zvirin et al., 2010), chickpea (Jimenez-Fernandez et al., 2013) and
common bean (Garces-Fiallos et al., 2017). In most cases, however, colonization of xylem
vessels of resistant plants by Fo was delayed compared to colonization of susceptible plants,
and only the lower hypocotyl was colonized (Zvirin et al., 2010) or only root xylem vessels
were colonized (Li et al., 2014). In other studies, colonization of xylem vessels of resistant
plant roots by Fo was not observed (Upasani et al., 2016, Cohen et al., 2015). In the present
study, colonization of the hypocotyl of cucumber and watermelon plants by Fom005_GFP
was also not observed, suggesting strong defense responses of non-hosts cucumber and watermelon at the root-stem transition. Moreover, the biomass of Fom in cucumber roots was
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significantly less than of Forc (Fig. 1), indicating that Fom005 growth was restricted in
cucumber roots. Forc016_GFP infected cucumber showed severe and fast root rot in two
weeks, which possibly influenced the growth of new roots to compensate for the function
of the original roots, resulting in completely destroyed roots and death of plants in less than
two weeks. Xylem colonization does not necessarily cause external disease symptoms. This
raises the question what allows plants to keep ‘symptom free’ upon pathogen colonization.
Our data suggest that fast growing new roots (cucumber) may act as a strategy to compensate
for the loss of function of infected roots. This may buy plants some time to employ other
strategies to counteract infection more directly.

4

Effectors have been shown to contribute to virulence in various xylem-colonizing fungi
(de Sain & Rep, 2015). While Fom causes root rot only in melon, Forc also causes severe
root rot in cucumber and watermelon. This could be due to effector genes in Forc that allow cucumber and watermelon infection (van Dam et al., 2017). Here, we show that Fom
strains without SIX6 do not show reduced virulence at tested conditions in melon plants. In
contrast, SIX6 has been shown to contribute to virulence in cucurbit-infecting strain Forc016
at 25°C (van Dam et al., 2017) as well as in a watermelon infecting strain (Niu et al., 2016).
Deletion of SIX6 in a tomato infecting strain modestly compromised virulence in one study
(Gawehns et al., 2014), but in another study, where deletion strains lacking a large part of the
Fol pathogenicity chromosome, including SIX6, SIX9 and SIX11, did not show significantly
reduced virulence (Vlaardingerbroek et al., 2016b). SIX6 of Forc016 does not contribute to
virulence at 20°C, indicating that the environment can influence the requirement of effectors. It could be that SIX6 of Fom contributes to virulence in other conditions.
Effector genes in plant-pathogenic fungi are sometimes located on conditionally dispensable
chromosomes, and some of these chromosomes can be transferred from one strain to another
(Akagi et al., 2009, Friesen et al., 2006, van Dam et al., 2017, Ma et al., 2010). In Fo, HCT
had been previously shown in Fol and Forc, and in both cases, the recipient non-pathogenic strain became pathogenic to tomato and multiple cucurbits, respectively (Ma et al.,
2010, van Dam et al., 2017). Here, we show that Fom strains can also engage in HCT. Both
Fom001 and Fom005, which have different mating types, MAT1-1 (Fom005) and MAT1-2
(Fom001), could transfer one or more chromosomes to the same MAT1-2 (Fo47) strain. This
is the first demonstration of HCT between the same mating type. Interestingly, in two different HCT experiments involving Fom001 and Fom005, besides transfer of the SIX6-containing chromosome, another chromosome was co-transferred (Fig. 4). Co-transfer of a second
non- selected chromosome has been previously observed (Ma et al., 2010). Transfer of a
single chromosome from Fom001 or Fom005 was not found for any of the double resistant
colonies. This supports the hypothesis that HCT happens through nuclear fusion and selec114
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tive chromosome loss or retainment rather than uptake of chromosomes by the recipient nucleus (Vlaardingerbroek et al., 2016a). How these chromosomes are selectively retained and
replicated remains to be discovered. Following HCT, (a) large deletion(s) of the transferred
chromosome was observed for HCT strain Fom001_HCT #5 (Fig. 5). This strain showed no
reduction in virulence compared to the other two Fom001_HCT strains, indicating that the
lost region does not contribute to virulence. Transfer of genomic sequences of Fom001 was
confirmed by whole genome sequencing, but no extra bands were observed on the CHEF
gel; it could be that the transferred regions or chromosomes acquired a size indistinguishable
from a core chromosome in the CHEF gel.
With the development of next generation sequencing technologies, prediction of putative
(host specific) virulence genes is relatively straightforward (Borah et al., 2018). However,
functional verification of genes involved in host range is still challenging. This can be due to
the pathosystem under investigation and/or to the probability that multiple genes are collectively responsible for host specificity (Borah et al., 2018). In Alternaria alternata, host- specific toxin genes have been found in several pathotypes (Tsuge et al., 2013). Interestingly,
host-selective toxin gene clusters in this fungus reside on single small chromosomes and
these chromosomes can be combined by protoplast fusion, resulting in strains producing
both toxins (Tsuge et al., 2013). Single chromosomes that determine host range have also
been identified through HCT (Ma et al., 2010, van Dam et al., 2017). In this way, genes
involved in host specificity are narrowed down to single chromosomes. Here, too, we found
chromosomes of Fom001 and Fom005 that determine virulence on melon plants through
HCT. In addition, we demonstrated that differences between transferred chromosomes of
Fom and chrRC determine differences in host range between Fom and Forc. Since the shared
regions of transferred chromosomes between Fom001 and Fom005 are largely syntenic with
chrRC (Fig. 3), finding genes that are responsible for the differences in host range between
Fom and Forc becomes possible.
Schulze-Lefert and Panstruga suggest that recognition of effectors by non-hosts (effectortriggered immunity) plays a predominant role in non-host resistance in plant species closely
related to a host species (Schulze-Lefert & Panstruga, 2011). SIX1 is the only SIX gene
homolog that is consistently present in Fom genomes but is not found in Forc (van Dam et
al., 2017), suggesting that SIX1 of Fom could be recognized by cucumber and watermelon.
However, we found that Fom_HCT strains without SIX1 still could not infect cucumber and
watermelon plants, indicating that SIX1 does not act as (the sole) avirulence gene in Fom for
cucumber and watermelon. Of course, non-SIX homologs may also act as avirulence genes.
On the other hand, about 300 kb of sequence is present on chrRC but absent on the shared
regions of transferred chromosomes between Fom001 and Fom005. These sequences may
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contain virulence genes whose products can suppress immunity in cucumber and watermelon. Our future work includes finding genes on chrRC or transferred chromosomes of Fom that
determine the difference in host range between Fom and Forc.
In conclusion, we report here for the first time that colonization differences between host
and non-host plants by Fo. Moreover, we show that largely homologous chromosomes determine virulence to their host plant(s) and are thus also responsible for differences in host
range. This opens the possibility to find genes that determine differences in host range.
Lastly, we demonstrate again that HCT plays an important role in environmental adaptation
in Fo.

Experimental procedures
Cloning

4

Vector pRW2h_Pfem_GFP_Tsix1 was constructed by amplifying the GFP coding sequence from pPK2-HPH-GFP (Caroline B Michielse & Rep, 2009) using primers FP740
(AAAtctagaATGGTGAGCAAGGGCGAGGAG, lowercase for XbaI restriction site) and
FP7001 (TTTagatctTTACTTGTA CAGCTCGTCC, lower case for BglII restriction site)
followed by XbaI-BglII digestion and inserting it into the XbaI-BglII site of pRW2h_Pfem_
MCS_Tsix1 (van der Does et al., 2016). The hygromycin resistance cassette
of pRW2h_Pfem_GFP_Tsix1 was replaced by the phleomycin resistance cassette of pRW1p_Pfem_MCS_Tsix1, which was modified from pRW1p (Houterman et al., 2008) using
the same method as described by van der Does (van der Does et al., 2016), resulting in
pRW1p_Pfem_GFP_Tsix1.
To delete SIX6 in Fom001 and Fom005, two SIX6 deletion constructs were used. The first
one, pPDh_SIX6, was generated previously (van Dam et al., 2017). The second SIX6 deletion construct was modified from pPK2-HPH-GFP (Michielse et al., 2009). First, around
1 kb SIX6 flanks were amplified. One flank was amplified using primer pair FP7186 (ATGATTACGAATTCTTAATTAAGATCCGAAGAGCTGGATCGTTTGAA) and FP7187
(CCA CAACTTGTCCTGTCACATCATCGAGCTCGGTACCCGGggatctt), while another
flank was amplified using primer pair FP7188 (ctccactcgacctgcaggcatgcaCTATAAAGCCAATACGATTCGAA) and FP7189 (GCACGTGATCTAGGTTATTCTACtGGCACTGGCCGTCGTTTTACAAC). These two flanks were introduced into pPK2-HPH-GFP using the
HiFi cloning kit (New England Biolabs (UK) Ltd.). Then, a PmlI- PmlI fragment containing
the Herpes Simplex Virus thymidine kinase (HSVtk) gene under the control of the C. het116
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erostrophusglyceraldehyde-3- phosphate dehydrogenase (ChGPD) gene promoter and the
N. crassa β-tubulin gene terminator was inserted into the vector as a conditional negative
selection marker against ectopic transformants (Khang et al., 2005).
Generation of strains with green fluorescence
Agrobacterium-mediated Fusarium transformation was performed as described by (Takken et al., 2004). GFP-expressing T-DNA of pRW2h_Pfem_GFP_Tsix1 was integrated
randomly into the genome of Forc016 (‘33’; CBS141123) (Lievens et al., 2007, van Dam
et al., 2016) and Fom005 (Fom0123) (Schmidt et al., 2013). Transformants Forc016_GFP
(FP4379) and Fom005_GFP (FP4374) showing wild type phenotype with green fluorescence were confirmed by fluorescence microscopy and selected for microscopic examination of fungal colonization.
Microscopic examination of fungal colonization
Conidia were isolated from five-day-old cultures grown in NO3-medium (0.17% yeast nitrogen base, 3% sucrose, 100 mM KNO3) by filtering through miracloth (Merck; pore size
of 22–25 µm). Spores were centrifuged, resuspended in sterile MilliQ water, counted and
brought to a final concentration of 107 spores/mL. Roots of six days old cucumber and 10
days old melon and watermelon seedlings were carefully taken out of the soil and rinsed
with tap water to wash away soil particles. Three plants for each treatment were inoculated with 107 spores/ml of Forc016_GFP, Fom005_GFP or water as control in a petri dish
(Supplementary Fig. 1). Colonization was examined at 1 dpi, 2 dpi, 3 dpi, 4 dpi, 6 dpi and 14
dpi using the AMG Evos FL digital inverted microscope. GFP was excited with a 488-nm
light (emission 525–50 nm BP filter). At 14 dpi, the hypocotyls of some plants were handsectioned and examined for the presence of fungal hyphae.
Fungal biomass quantification using qPCR
The relative amount of fungal DNA in plant roots was quantified by using qPCR. Nine
days old cucumber and melon seedlings were inoculated with 107 spores/ml of Forc016,
Fom001, or Fom005 (Schmidt et al., 2016) and roots from five plants for each treatment
were randomly collected and rinsed with water one week after inoculation. DNA was isolated using GeneJET plant Genomic DNA purification Mini kit (thermos scientific). For
detection and quantification of fungal DNA, primers FP8520 (AGATTAGCGACACCCCTTGC) and FP8521 (TTTGGGCTCGTCTTCCACTG) for amplifying a single copy
gene SIX6 were used for Forc016, Fom001 and Fom005. Primers FP8434 (CAGTGAAA117
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CAGGTGCAGGAA) and FP8435 (CTGGTGTAATGACCACGAGC) were used for amplifying the alpha-tubulin gene of cucumber plants as an endogenous gene for normalization,
while primers FP8512 (GCGGTGCTTCTAGACAATGA) and FP8513 (CCTGAGATACAAGACGGTTGAG) were used for amplifying the melon alpha-tubulin gene (Kong et al.,
2014). qPCR was performed on a QuantStudio 3 system (ThermoFisher Scientific). A total
volume of 10 µl of the reaction mixture included 2 µl 5x HOT FIREPol EvaGreen qPCR
Mix Plus (Solis BioDyne), 5 pmol of each primer, 20 ng template, and 1 µl sterile MQ water.
Three technical replicates were used for each sample to confirm reproducibility of the results,
and a negative control sample with sterile MQ water as template was included. Standard
curves for all three primer pairs were generated and assessed. The PCR program, including
melting curve analysis, was set as follows: 15’ 95°C; [15’’ 95°C, 20’’ 60°C, 30’’ 72°C]40x;
15’’ 95°C, 1’ 60°C, 15’’ 95°C. Data analysis was performed using Thermo Fisher Cloud RQ
analysis tool combined with qbase.
SIX6 replacement
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To replace SIX6 in Fom001 and Fom005 with a hygromycin resistance cassette, Agrobacterium-mediated transformation was performed as previously described (van Dam et al., 2017,
Takken et al., 2004). Following monosporing of hygromycin-resistant colonies, the transformants were grown in 96-well plates containing in each well 150 µl Potato Dextrose Broth
(PDB) supplemented with hygromycin and 5 µM 5-Fluoro-2-deoxyuridine (Alfa-Aesar) for
pre-selection of in locus insertion of the construct through homologous recombination. Successful deletion of SIX6 was confirmed by PCR, using primers inside the T-DNA and outside
the 1 kb flanking regions in the construct. Fom001ΔSIX6#11 and Fom005ΔSIX6#1 were
generated using the construct of pPDh_SIX6, while Fom005ΔSIX6#87 was generated using
pPK2-HPH-GFP_h_SIX6.
Horizontal chromosome transfer
HCT experiments were performed by co-incubating Forc016ΔSIX6#46, Fom001ΔSIX6#11,
Fom005ΔSIX6#1, Fom005ΔSIX6#87 with Fo47pGRB (Vlaardingerbroek et al., 2016a), respectively. 1 ×105 conidia from each pair of strains were mixed and co-incubated on PDA
plates for seven days at 25°C. Microconidia were harvested from the co-incubation plate
using 5 ml sterile MilliQ, filtered through sterile miracloth and pipetted on a double-selective PDA plate containing 0.1 M Tris pH 8 supplemented with 100 µg/ml hygromycin
(Duchefa) and 100 µg/ml zeocin (InvivoGen). Double drug resistant colonies were selected
after three days and transferred to a new double-selective plate. Growing colonies were then
monospored by spreading on a fresh plate supplemented with both antifungal drugs. After
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two days of growth, single-spore colonies were selected and transferred to fresh plates.
Contour-clamped homogeneous electric field electrophoresis
Preparation of protoplasts and pulsed-field gel electrophoresis were performed as described
previously (van Dam et al., 2017). Fusarium strains were cultured in 100 ml NO3 medium
(0.17% yeast nitrogen base, 100 mM KNO3 and 3% sucrose) for five days at 25 °C. Then,
conidia were collected by filtering through a double-layer of miracloth and the concentration
of spores were measured. Five × 108 conidia were transferred to 40 ml PDB (BD biosciences).
After approximately 16 hours of growth at 25 °C, germinated spores were re-suspended in
10 ml MgSO4 solution (1.2 M MgSO4, 50 mM sodium citrate, pH 5.8) supplemented with
50 mg/ml Glucanex (Sigma) + 5 mg/ml driselase (Sigma, D9515) and incubated for approximately 17 hours at 30°C in a shaking water bath (65 rpm). The protoplasts were filtered
through a double layer of miracloth, collected by centrifugation and casted in InCert agarose
(Lonza) at a concentration of 2 × 108 protoplasts per ml. Plugs were treated with 2mg/ml pronase E at 50°C. Chromosomes were separated by pulsed-field electrophoresis for 260 hours
in 1% Seakem Gold agarose (Lonza) at 1.5 V/cm in a CHEF-DRII system (Biorad) in 0.5 ×
TBE at 4 °C, with switch times between 1200 and 4800 s. The gels were stained with 1µg/
mL ethidium bromide in 0.5 × TBE.
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DNA isolation, genome sequencing and assembly
DNA isolation was performed on freeze-dried mycelium ground in liquid nitrogen as starting
material, using multiple rounds of phenol-chloroform extraction and precipitation, as well
as the Purelink plant total DNA purification kit (Invitrogen). SMRT sequencing was performed at Keygene N.V. (Wageningen, the Netherlands). PacBio libraries were prepared and
size-selected at ~20 Kb using Blue Pippin prep. Sequencing of 5 SMRT cells was performed
using the P6-C4 polymerase-chemistry combination, ≥4 hr movie time, stage start. De novo
assembly was performed with the Hierarchical Genome Assembly Process v3 (HGAP.3,
Pacific Biosciences) within the SMRT Portal environment (v1.87.139483). Default values
were kept and the expected genome size was set to 60 Mb.
Illumina sequencing (150 bp paired-end, insert size ~500 bp) of HCT strains was performed
on a HiSeq 2500 machine at the Hartwig Medical Foundation (Amsterdam, the Netherlands)
at ~100 × coverage, resulting in 5.0–5.6 Mb of sequence data per sample. Raw reads were
trimmed to remove low-quality bases and adapter sequences using fastq-mcf v1.04.807 (-q
20). PCR duplicates were also removed using PicardTools MarkDuplicates v2.7.1 with standard settings. To confirm HCT, trimmed reads were first mapped against the Fo47 genome
assembly with Bowtie2 v2.2.5 (DNAseq). Unmapped reads were selected from the bamfile
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that resulted from mapping trimmed reads to the assembly of Fo47 with SAMtools view -f
4 –F 264 (both mates unmapped), SAMtools view -f 8 –F 260 (mate 1 mapped, other mate
unmapped) and SAMtools view –f 12 –F 256 (mate 2 mapped, other mate unmapped). The
three resulting bamfiles were sorted with SAMtools sort –n, merged with SAMtools merge
and converted to fastq format with bedtools bamtofastq. These reads were then mapped to
the SMRT assembly of Fom001 or Fom005, respectively. To establish whether core chromosomes were transferred, trimmed reads were directly mapped to SMRT assembly of Fom001
or Fom005, and only reads that mapped once with 100% coverage and 100% identity were
selected (with SAMtools view –q 42) when calculating read densities. For visualization of
the reads counts in 10 kb non-overlapping sliding windows, SAMtools bedcov was used.
SAMtools version 1.8 was used in all above-mentioned cases.
Whole genome or chromosome alignments were performed using nucmer (with –maxmatch
or otherwise default settings) from the MUMmer v3.23 package (Delcher et al., 2002).
Virulence assay

4

Virulence assays were performed as described previously (van Dam et al., 2017). Briefly,
spores at 106/mL (SIX6 deletion assay) or 107/mL (chromosome transfer) were used to inoculate seedlings of cucumber (around 6-7 days old), melon (9-10 days old), or watermelon
(9-10 days old). For each treatment, six to eight seedlings were inoculated and grown at
25°C (SIX6 deletion assay) or 20°C (HCT assay) in greenhouse. The following plant cultivars were used: Cucumis sativus cv. Paraiso, Cucumis melo cv. Cha-T, Citrullus lanatus
cv. Black Diamond. Two weeks after inoculation, disease symptoms were scored using a
disease index ranging from 0–4 (0, no symptoms; 1, slight root rot symptoms, only at tip of
main root; 2, root rot symptoms and stem lesions visible aboveground; 3, extensive rot of the
entire root system, often with a large lesion extending above the cotyledons; 4, plant either
dead or very small and wilted).
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Supporting information

Mock

Fom001

Fom005

Forc016

Cucumber

Melon

Fig. S1: Phenotypes of infected cucumber and melon plants in soil at 7 days post inoculation.
Nine days old cucumber and melon seedlings were treated with water (Mock), Forc016 (1*107 spores/ml), Fom001
(1*107 spores/ml), or Fom005 (1*107 spores/ml).
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◄ Fig. S2: Phenotypes of infected cucumber, melon, and watermelon plants in petri dishes at 14 days post
inoculation.
Six days old cucumber and 10 days old melon and watermelon seedlings were treated with water (Mock), Forc016_GFP
(107 spores/mL), or Fom005_GFP (107 spores/mL) in petri dishes for 14 days. Forc016_GFP causes severe wilting, root
and stem rot on cucumber, melon and watermelon plants, while Fom005_GFP causes disease on melon, but not on cucumber or watermelon. All infected roots were dark brown compared to mock-treated roots. Fom005_GFP infected cucumber
plants produced many new roots, comparable to mock-treated cucumber plants. All mock-treated plants were healthy.

4

Fig. S3: Fom005 is not able to colonize the hypocotyl of cucumber or watermelon plants.
The hypocotyls of infected or mock-treated plants at 14 days post inoculation in petri dishes were hand-sectioned
and examined for the presence of fungal hyphae inside plants using the AMG Evos FL digital inverted microscope.
Forc016_GFP was found in the cross section of the hypocotyl of both cucumber (bright green dots indicated with white
arrows) and watermelon (not shown). It was not possible to visualize Forc016_GFP in the hypocotyl of melon because
of rotted stems. Fom005_GFP was present in the cross section of the melon hypocotyl (bright green dots indicated
with the white arrow), but it was not found in the cross section of hypocotyls of cucumber or watermelon (not shown).
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Fig. S4: SIX6 does not contribute to virulence of Fom001 and Fom005.
Disease index (DI) (A) and fresh weight (B) of infected melon plants were scored two weeks after inoculation. When ten
days old melon seedlings were inoculated with 1*106 spores/mL at 25°C, the SIX6 knockout strains Fom001ΔSIX6#11,
#34, and Fom005ΔSIX6#1, #17 showed similar disease index and fresh weight as wild type strains Fom001 and
Fom005, respectively. As controls, disease symptoms of two ectopic transformants (T-DNA was randomly inserted in
the genome) from each background were assessed, and these also showed no change in virulence compared to the wild

4

type strains. Kruskal-Wallis test was performed on disease index. One-way ANOVA was performed on fresh weight.
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Fig. S5: Syntenic regions between transferred contigs of Fom001 and Fom005.
Among all transferred contigs of Fom001 and Fom005, only contig 127 and 13 of Fom001 are syntenic with contig 139, 144,
129, 168 and 16 (nucmer alignment with manual adjustment). Alignments are color-coded according to their similarity.

Fig. S6: Stringent selection of mapped Illumina reads of HCT strains and Fom005 to the SMRT assembly of
Fom001 or Fom005 shows absence of core chromosome transfer.
(A) Reads of HCT strains Fom001_HCT #3, #4, and #5 were mapped to the SMRT assembly of Fom001 donor strain. (B)
Reads of Fom001_HCT #3 (blue line), #4 (green line), and Fom001_HCT #5 (red line) mapped more abundantly to Fom001
contigs 124, 127, 3 and 13 than to the rest of the assembly. (C) Reads of HCT strains Fom005_HCT #2, #3, and #4 were
mapped to the SMRT assembly of Fom005 donor strain. (D) Reads of Fom005_HCT#2 (blue line), #3 (green line), and #4
(red line) mapped more abundantly to Fom005 contigs 129, 139, 168, 142, 144 and 16 than to the rest of the assembly. (E)
Reads of Fom005_HCT#2 (blue line), #3 (green line), and #4 (red line) and Fom005 (dark blue line) were mapped to the
SMRT assembly of Fom005 donor strain. Fom005 HCT strains showed clear read density drops at sub-telomere regions,
but no clear drop was observed for Fom005 (dark blue line). Only reads that mapped once with 100% coverage and 100%
identity were selected, to differentiate between HCT strains and the donor strain Fom001 or Fom005 based on SNPs. ►
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Table S1: Assembly statistics
Assembly statistics of assemblies of Fom005 and Fo47 that were generated for this study, and of Fom001 (van Dam et
al., 2017).
Assembly

Fo47

Fom001

Fom005

Number of contigs

60

96

85

Total length

50246232

60704002

62193398

GC (%)

47,95

47,65

47,58

Largest contig

4719388

6402286

6656922

N50

2117445

4357482

3523149

L50
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Summary
Fusarium oxysoporum f. sp. radicis-cucumerinum (Forc) is able to cause disease in multiple
cucurbits, including cucumber, melon and watermelon, while F. oxysporum f. sp. melonis (Fom)
can only infect melon plants. Earlier research showed that mobile chromosomes in Forc and
Fom determine the differences in host range between Forc and Fom. Here, by closely comparing
these pathogenicity chromosomes, combined with RNA-seq data, we selected eleven candidate
genes that we tested for involvement in the difference in host-specificity between Forc and Fom.
We found that a single putative effector gene from Fom is able to turn Forc non-pathogenic to
cucumber plants. This suggests that the protein encoded by this gene might be recognized by an
immune receptor in cucumber plants. This is the first time that a single gene is demonstrated to
determine a difference in host specificity between formae speciales of F. oxysporum.
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Introduction
The Fusarium oxysporum (Fo) species complex contains both pathogenic and non-pathogenic
strains, and a sexual stage in Fo has never been observed so far (Michielse and Rep 2009; Di
Pietro et al. 2003). As a species complex, Fo can infect more than 120 plant species, including
some economically important crops, such as banana, cotton, cucumber, and tomato (Michielse
and Rep 2009; Di Pietro et al. 2003). However, individual isolates can only infect one or a few
related plant species (Michielse and Rep 2009; Di Pietro et al. 2003). Based on host range, Fo
is classified into formae speciales (ff. spp.). For example, cucumber, melon and watermeloninfecting strains are classified as Fo f. sp. radicis-cucumerinum (Forc), while melon-infecting
strains are classified as Fo f. sp. melonis (Fom) (Edel-Hermann and Lecomte 2019). Some
formae speciales are further divided into different races based on the ability of individual strains
to overcome specific resistance genes in host plants (Gordon and Martyn 1997).
To colonize tomato plants, Fol secretes effector proteins as well as enzymes into the xylem
vessels to facilitate infection (Michielse and Rep 2009; Di Pietro et al. 2003). So far, fourteen
‘secreted in xylem’ (Six) proteins – also called effectors – have been identified (Houterman et
al. 2007; Michielse and Rep 2009; Schmidt et al. 2013). Among these effectors, Six1, Six3,
and Six5 have been shown to contribute to virulence (Houterman et al. 2009; Ma et al. 2015;
Rep et al. 2004; de Sain and Rep 2015). In contrast, Six2 (Gawehns et al. 2015; Houterman et
al. 2007), Six4 (Houterman, Cornelissen, and Rep 2008), Six6 (Vlaardingerbroek, Beerens,
Schmidt, et al. 2016), Six7 (Chapter 3), Six9 (Vlaardingerbroek, Beerens, Schmidt, et al. 2016),
Six10 (Chapter 3), Six11 (Vlaardingerbroek, Beerens, Schmidt, et al. 2016), and Six12 (Chapter
3) do not contribute to virulence under the bioassay conditions tested. Three Six proteins can
be recognized by I resistance proteins of tomato, triggering immune response of tomato plants.
Therefore, these Six proteins are also called avirulence (Avr) proteins. Six4 (Avr1) is recognized
by I, and it also suppresses the I-2 and I-3 mediated resistance (Houterman et al. 2008; Takken
and Rep 2010). Six3 (Avr2) together with Six5 is recognized by I-2 (Houterman et al. 2009; Ma
et al. 2015), and Six1 (Avr3) is recognized by I-3 (Rep et al. 2004; Takken and Rep 2010). This
demonstrates that within formae speciales effector proteins determine race-specific resistance
in the host. Effectors that trigger host resistance in formae speciales in Fo other than Fol have
been identified in Fo f.sp. melonis (Fom) (Schmidt et al. 2016) and Fo f. sp. niveum (Fon) (Niu
et al. 2016).
Because ff. spp. of Fo can be distinguished based on the set of (candidate) effector genes they
contain, it seems likely that effector genes contribute to host-specificity (Inoue et al. 2017).
However, until now, genes that determine host specificity in Fo have not been identified. Single
chromosomes in Fo that determine host range have been identified in Fol (Ma et al. 2010;
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Vlaardingerbroek, Beerens, Rose, et al. 2016), Fo f.sp. radicis-cucumerinum (Forc) (Van
Dam et al. 2017), and Fom (Chapter 4). For example, Forc is able to cause disease in multiple
cucurbits, including cucumber, melon and watermelon, and a single chromosome in Forc016,
chrRC, is responsible for this phenotype (Van Dam et al. 2017). Fom can only cause disease
in melon plants, and chromosome chrMLN determines this host-specific pathogenicity of Fom
(Chapter 4). The pathogenicity chromosomes chrRC and chrMLN are highly similar, however, we
still do not know the genes that determine the difference in host range between Forc and Fom.
One possibility is that (an) extra virulence gene(s) on chrRC – absent in chrMLN – confers(s)
virulence on cucumber and watermelon. Alternatively, a gene on chrMLN but absent on chrRC
encodes a protein that can be recognized by an immune receptor of cucumber and watermelon
plants, causing non-host resistance: an avirulence gene. In this study, we identify a single gene
that can explain the difference in host range between Forc and Fom.

Results
Selection of candidate virulence genes in Forc that could determine host range

5

To identify (a) gene(s) that are responsible for the difference in host range between Forc and
Fom, we set out to find candidate avirulence genes on chrMLN(s) and candidate virulence genes
on chrRC, by closely comparing the gene sequences of these chromosomes. In addition, we
used RNA-seq data of cucumber-Forc (van Dam, Fokkens, Schmidt, Linmans, Corby Kistler,
et al. 2016) and melon-Fom (Schmidt et al. 2016) interactions as a proxy for in planta gene
expression. In theory, RNA-seq data of melon/watermelon-Forc and cucumber/watermelonFom interactions should be used, but we expect that host specificity genes are also expressed
in these interactions. Based on characteristics of effector genes identified previously in plant
pathogenic fungi, the following rules were used for selecting candidate genes: 1) highly
expressed in the relevant interaction, because we expect that genes involved in host-pathogen
interaction are highly expressed; 2) absent or with less than 100% DNA sequence identity in
either f. sp., because we expect that proteins that are not completely identical may have escaped
recognition by immune receptors or have altered their function; 3) presence of a signal peptide
for secretion in the predicted translation product, because we assume that effector proteins need
to be secreted to function as host-specific virulence or avirulence factors. We also noted the
following characteristics: 1) number of encoded cysteines, because these are important for the
stability of secreted proteins in apoplast; 2) presence of a miniature impala (mimp) element
within 2500 bp upstream of the start codon, because these are commonly found in the upstream
of SIX genes in Fo (Schmidt et al. 2013); 3) presence or absence a signal peptide in homologs
in other genome sequences; 4) expression level of the homolog in the other formae speciales; 5)
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predicted function based on similarity with other proteins.
To identify which genes on this chromosome could be required for cucumber or watermelon
infection – virulence genes with respect to these two hosts-, the raw RNA-seq data generated
previously (van Dam, Fokkens, Schmidt, Linmans, Corby Kistler, et al. 2016) was re-analyzed
(see Materials and Methods for more detail). First, 151 highly expressed genes located on chrRC
were selected based on online differential expression analysis (http://shiny.imbei.uni-mainz.
de:3838/ideal/). To assess which of these genes are either absent or not identical in Fom, we
used BLAST to detect homologous sequences in the genome assembly of Fom001 (e-value
< 1e-20, perc_identity > 90%; query coverage > 70%) (Van Dam et al. 2017). Twenty genes
that are absent in Fom001 were found. We used SignalP-5.0 (http://www.cbs.dtu.dk/services/
SignalP/) to predict the presence of a signal peptide in the translation products of each of these
20 genes, and found three genes (g287, g288, and g410) to encode potentially secreted proteins.
Interestingly, of these three genes, g287 (homolog of SIX9) and g288 (unknown function) share
a promoter region of about 1 kb and this region includes a mimp. Both have six cysteines in
the mature protein sequence (Table 1). The third gene absent in Fom001, g410, with unknown
function, is extremely highly expressed in Forc and also has a mimp upstream of its coding
sequence (Table 1). These three genes were chosen as candidate cucumber/watermelon virulence
genes (Table 1).
We also found 35 genes with sequence identity below 100% (homologous genes). Nine out of
these were predicted to encode a protein with a signal peptide using SignalP-5.0 (http://www.
cbs.dtu.dk/services/SignalP/). Among these nine genes, g283 and g317 encode the same mature
protein with a relatively high number (8) of cysteines, but their homolog in Fom001 is predicted
to have no signal peptide. Because these two genes encode the same mature protein, only
g317 was selected for further analysis. Among three secreted enzyme genes, g293 and g330
(encoding a putative glucosidase 2 subunit beta) share 99.7% nucleotide identity, and only g293
was selected for further analysis, while of g291 (encoding a putative alpha 1,3-glucosidase),
the homolog in Fom001 showed no expression in planta or in vitro and was therefore also
selected. Lastly, a homolog of SIX13 (g297) and three genes encoding hypothetical proteins
(g250, g310, and g340) were included. The selected ten candidate Forc-specific virulence genes
are summarized in Table 1. The sequences of the gene and predicted proteins are included as
Appendix.
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GeneID: for candidate virulence genes, the Gene_ID is only based on the annotation of chrRC in Forc016, while for candidate avirulence genes, the gene_ID is from our
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Table 1. Virulence and avirulence gene candidates.
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Selection of potential avirulence genes in Fom
Except virulence genes in Forc, avirulence genes in Fom could also determine the difference
in host range between Forc and Fom. To identify putative avirulence genes for cucumber and/
or watermelon in Fom, the Fom001 genome was re-annotated using BRAKER_v2.1.0 (see
methods) (Hoff et al. 2019). We expected that putative avirulence genes are shared by Fom
strains, because none of them are able to infect cucumber or watermelon (van Dam, Fokkens,
Schmidt, Linmans, Kistler, et al. 2016). Therefore, we used BLAST to search for homologs
of 1284 genes present on Fom001 transferred chromosomes in the Fom005 transferred
chromosomes (BLASTN: e-value < 1e-20; perc_identity > 99% and query coverage > 70%).
We found 437 putative homologs. We further expected avirulence genes to be either absent or
not identical in Forc. Thus, to identify Fom-specific genes, these 437 shared genes between
Fom001 and Fom005 were then blasted (e-value < 1e-20; query coverage > 70%) against the
Forc016 genome (Van Dam et al. 2017). We identified 39 Fom-specific gene sequences: three
genes that are absent in Forc016 and 36 genes with less than 100% identity in Forc016. The
presence of a potential signal peptide in the predicted products of all these genes was assessed
using SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/). Only three of the 39 Fom-specific
genes were found to encode proteins with a probable signal peptide: a catalase-peroxidase
(g14026), a hypothetical protein (g14035), and a 3-phytase (g16386). Of these, only g14035
was highly expressed during melon infection (Schmidt et al. 2016). This gene was selected as
the only candidate Fom-specific avirulence gene for further analysis (Table 1). The gene and
predicted protein sequences are included as Appendix.
Interestingly, the homolog of Fom001 g14035 in Forc016, g250, is among the putative
Forc-specific virulence genes selected (see above). We found also that a homolog of g14035
(designated as g14035-1) is present on the same contig (contig 127) of Fom001, and was not
annotated initially. The two predicted mature proteins only have two amino acids difference.
Interestingly, the homolog of g14035 in Forc016, g250, encodes the same predicted protein
as g14035-1. In addition, another, more divergent homolog of g250 (designated as g250-1) is
present on chrRC of Forc016.

Functional verification of candidate Forc-specific virulence genes and the candidate Fomspecific avirulence gene
To assess whether the candidate virulence genes in Forc016 can turn Fom into a cucumber
or watermelon-infecting strain, one or more virulence genes with their own promotor and
terminator were cloned and transformed into Fom005. We managed to cloned nine of the
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ten candidate virulence genes. Because multiple homologs of g317 are present in Forc016,
PCR amplification of this gene was not successful despite many attempts. Three genes: g287
(homolog of SIX9), g288 (unknown protein), and g410 (unknown protein) that are absent in
Fom were cloned into one construct; g250 (unknown protein) was cloned into one construct;
g293 (glucosidase 2 subunit beta) and g297 (homolog of SIX13) were cloned into the same
construct; g310 (unknown protein) and g340 (unknown protein) were cloned into the same
construct; and g291 (alpha 1,3-glucosidase) was cloned into a single construct because of its
large size. T-DNA of these five constructs was integrated randomly into the genome of Fom005,
and five transformants with correct sequences (confirmed by PCR) from each construct were
selected for functional analysis.
To assess whether the unique candidate avirulence gene in Fom, g14035, can turn Forc nonpathogenic to cucumber and/or watermelon, this gene with its native promotor and terminator
was cloned and transformed randomly into the genome of Forc016, and four transformants with
correct sequences (confirmed by PCR) were selected for further analysis.

5

To evaluate whether transformants with candidate virulence genes from Forc can turn
Fom005 into a cucumber and/or watermelon-infecting strain and whether transformants with
the candidate avirulence gene from Fom can turn Forc016 non-pathogenic to cucumber or
watermelon, bioassays were performed on cucumber, melon and watermelon plants. In addition,
to assess whether multiple candidate virulence genes could act together to infect certain hosts,
co-inoculation was performed on melon, cucumber and watermelon plants (Table 2). For
transformants of Fom005 with putative Forc-specific virulence genes, except Fom005_g287_
g288_g410#4 and Fom005_g287_g288_g410#9, all Fom005 transformants caused severe
disease on melon plants, comparable to the original strain Fom005 (Fig 1A). Nevertheless, none
of the Fom005 was able to cause disease on cucumber or watermelon plants (Fig 1 B and C).
Consistent with a previous study (van Dam, Fokkens, Schmidt, Linmans, Kistler, et al. 2016),
slight cross infection of Fom strains on watermelon plants was observed (Fig 1C).
Of the Forc016 transformants with the putative Fom-specific avirulence gene, remarkably, two
transformants Forc016_g14035#2, and #3 had almost completely lost their ability to infect
cucumber plants, while the other two transformants showed only weak virulence to cucumber
plants (Fig 1A). These four transformants were still able to infect melon and watermelon plants,
although reduced virulence on watermelon plants was observed for Forc016_g14035#3 (Fig
1B and C). These results were confirmed in a second bioassay performed on cucumber and
melon plants for these Forc016 transformants (Fig 2). Cucumber plants infected with these
four Forc016 transformants were almost completely healthy, while they were still able to cause
disease on melon plants (Fig 2).
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◄ Fig 1: Functional verification of candidate virulence and avirulence genes.
Six days old cucumber and 10 days old melon and watermelon seedlings were inoculated with water (Mock) or indicated
strains (1*107 spores/mL) at 25°C. Disease index (DI) of infected melon (A), cucumber (B), and watermelon (C) plants
were scored two weeks after inoculation. Disease symptoms were scored using a disease index ranging from 0–5 (0,
no symptoms; 1, slight root rot symptoms, only at tip of main root; 2, root rot symptoms and stem lesions visible
aboveground; 3, clear root rot symptoms of the entire root system; 4, extensive rot of the entire root system, often with a
large lesion extending above the cotyledons, plant very small and wilt; 5, plant completely dead or no green leaves). (A)
Except Fom005_g287_g288_g410#4 and Fom005_g287_g288_g410#9, all Fom005 and Forc016 transformants caused
severe disease on melon plants, comparable to the original strains Fom005 and Forc016. (B) No Fom005 transformant
was able to cause disease on cucumber plants, while four Forc016 transformants caused less disease on cucumber. (C)
No Fom005 transformant could cause disease on watermelon plants, but weak cross-infection on watermelon plants
was observed for some Fom005 transformants. Only slightly increased virulence on watermelon plants was apparent
when they were co-inoculated with multiple transformants. All Forc016 transformants were still able to cause disease
on watermelon plants, albeit reduced virulence was observed for Forc016_g14035#3.

Fig 2: A single gene from Fom turns Forc nearly non-pathogenic to cucumber plants.
Six days old cucumber and 10 days old melon seedlings were inoculated with water (Mock) or strains (1*107 spores/
mL) at 25°C. Phenotype (A and D), disease index (B and E) and fresh weight (g) (C and F) of infected melon and
cucumber plants, respectively, were scored two weeks after inoculation. Disease symptoms were scored using a disease
index ranging from 0–5 (0, no symptoms; 1, slight root rot symptoms, only at tip of main root; 2, root rot symptoms and
stem lesions visible aboveground; 3, clear root rot symptoms of the entire root system; 4, extensive rot of the entire root
system, often with a large lesion extending above the cotyledons, plant very small and wilt; 5, plant completely dead

5

or no green leaves). Melon plants infected with any strain were severely diseased (A, B and C), while cucumber plants
infected with Forc016 transformants appeared to be healthy (D, E and F). One-way ANOVA test (****: p < 0.001) was
performed to determine significance of the differences in the fresh weight measurements. ►

In conclusion, candidate Forc-specific virulence genes were not able to turn Fom pathogenic
to cucumber or watermelon plants, while a single candidate avirulence gene was able to turn
Forc016 non-pathogenic to cucumber plants.

Discussion
By sequence comparison of predicted genes on pathogenicity chromosomes of Forc and Fom,
and bioassays with strains transformed with candidate (a)virulence genes, we show that a single
gene from Fom turns Forc (nearly) non- pathogenic to cucumber plants. This suggests that the

140

A single gene in Fusarium oxysporum limits host range

A

D

Melon
 

Cucumber
 

 

 

 



 



 



 



 



 



 



 



B

E

C

F

5

141

Chapter 5
Table 2: Co-inoculation of Fom005 transformants.
Mix_A

Mix_B

Mix_C

Mix_D

Fom005_g287_g288_g293#1 Fom005_g287_g288_g293#1 Fom005_g287_g288_g293#1 Fom005_g287_g288_g293#1
Fom005_g250#1

Fom005_g250#1

Fom005_g250#1

Fom005_g250#1

Fom005_g293_g297#1

Fom005_g293_g297#1

Fom005_g293_g297#1

Fom005_g310_g340#10

Fom005_g310_g340#10
Fom005_g291#1

encoded protein is recognized by a receptor in cucumber plants and triggers an effective
immune response. The mature protein encoded by this gene contains 132 amino acids without
any cysteines, and no mimp or other inverted repeats are present upstream of this gene. A
homolog in Forc, at the syntenic position on its pathogenicity chromosome, is expressed during
colonization of cucumber but is remarkably divergent in sequence, suggesting that its product is
not recognized by the cucumber immune system.

5

Most plant-pathogenic fungi have a limited host range (van der Does and Rep, 2007). All plant
species outside this host range are non-hosts and are considered to display ‘non-host resistance’.
Schulze-Lefert and Panstruga (2011) suggest that effector-triggered immunity (ETI) plays a
dominant role in non-host resistance of species closely related to the host, while in distantly
related species, pattern triggered immunity (PTI) plays a dominant role (Schulze-Lefert and
Panstruga, 2011). Depending on the presence or absence of visual symptoms, non-host resistance
is divided into two types (Mysore and Ryu, 2004). Type I non-host resistance does not produce
any visual symptoms, while type II non-host resistance is associated with necrosis or cell death.
Type I nonhost resistance is similar to PTI, whereas type II non-host resistance resembles ETI
(Mysore and Ryu, 2004).
Previously, we have shown that both Forc and Fom are able to colonize xylem vessels of
cucumber, melon and watermelon roots, indicating that like Forc, Fom is able to overcome
constitutive physical and chemical barriers, and PTI at least to some extent (Chisholm et al.,
2006; Li et al., 2020). However, further colonization of the upper part of the cucumber and
watermelon plants by Fom has not been observed (Li et al., 2020). Since cucumber, melon and
watermelon are closely related plant species and belong to the same family (Cucurbitaceae)
and necrosis of infected cucumber and watermelon roots by Fom has been observed (Li et al.,
2020), it is most likely that non-host resistance of cucumber and watermelon to Fom is of type
II and ETI plays a dominant role (Mysore and Ryu, 2004; Schulze-Lefert and Panstruga, 2011).
We initially considered two possibilities for the ‘late’ resistance of cucumber plants against Fom.
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First, ETI may only be triggered at a late stage, when a secreted effector is recognized by a plant
immune receptor. Second, Fom effectors may only partly suppress PTI of cucumber and watermelon
plants, and additional effectors or enzymes which are present in Forc are needed. Here, we demonstrate
that a single effector gene from Fom, g14035, can turn Forc non-pathogenic to cucumber plants,
strongly suggesting that this effector is recognized by an immune receptor in cucumber plants
which acts relative late during infection, conferring non-host resistance of cucumber to Fom.
How Forc is able to cause disease in watermelon but Fom cannot remains unknown. We consider it
most likely that another avirulence gene is present in Fom which can be recognized by watermelon.
If this is true, to find this gene, an alternative annotation approach of the Fom pathogenicity

Materials and Methods
Fom001 genome annotation and alignment
We predicted genes in Fom001 (NRRL26406) (Ma et al. 2014) based on RNA-seq (Schmidt
et al. 2016) and de novo predictions using BRAKER_v2.1.0 (Hoff et al. 2019) with the
following flags: --fungus --species=’fusarium_oxysporum’. Before gene prediction, repeats and
low complexity regions of Fom001 were identified using RepeatMasker v4.0.8 (with -species
‘ascomycota’) (A.F.A. Smit, R. Hubley & P. Green RepeatMasker at http://repeatmasker.org).
Chromosome alignments were performed using nucmer (with –maxmatch) from the MUMmer
v3.23 package (Delcher, 2002).
Forc16-cucumber RNA-seq data re-analysis
To assess quality of sequence reads, they were first trimmed with FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). To trim and filter reads, trimmomatic was
used. To align trimmed reads to the reference genome Forc016 (Van Dam et al. 2017), the
Forc016 genome was first index using hisat2. The trimmed reads were aligned to the indexed
genome of Forc016 using hisat2. To remove the non-mapping reads, samtools view was used.
Finally, read counts file was generated using featureCounts. The ideal application (http://shiny.
imbei.uni-mainz.de:3838/ideal/) was used for differential expression analysis.
Cloning
To express candidate effector genes in Fom005 or Forc016, candidate genes with their original
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promotor (around 1 kb) and terminator (around 0.5 kb) were amplified from genomic DNA
and cloned into pRW1p (Houterman et al. 2008). Candidate genes g287, g288, and g410 were
cloned into the same construct; candidate genes g293 and g297 were cloned into the same
construct; candidate genes g310 and g340 were cloned into the same construct; and candidate
genes g250, g291, and g14035 were cloned into pRW1p separately. Candidate genes were
cloned into pRW1p using the HiFi cloning kit (New England Biolabs (UK) Ltd.). The primers
used to amplify the candidate genes are listed in Table S1.
Agrobacterium-mediated Fusarium transformation
To introduce candidate effector genes into Forc016 or Fom005, Agrobacterium-mediated
Fusarium transformation was performed as previously described (Takken et al. 2004). T-DNA
of each construct was integrated randomly into the genome of Fom005 or Forc016. Presence of
the full-length candidate gene(s) in transformants was confirmed by PCR.
Disease assays

5

Virulence assays were performed as described previously with some modifications (van Dam,
Fokkens, Schmidt, Linmans, Kistler, et al. 2016). Briefly, spores at 1*107/mL concentration
were used to inoculate seedlings of cucumber (around 6-7 days old), melon (9-10 days old), or
watermelon (9-10 days old). For each treatment, six to eight seedlings were inoculated and grown
at 25°C in greenhouse. The following plant cultivars were used: Cucumis sativus cv. Paraiso,
Cucumis melo cv. Cha-T, Citrullus lanatus cv. Black Diamond. Two weeks after inoculation,
disease symptoms were scored using a disease index ranging from 0–5 (0, no symptoms; 1,
slight root rot symptoms, only at tip of main root; 2, root rot symptoms and stem lesions visible
aboveground; 3, clear root rot symptoms of the entire root system; 4, extensive rot of the entire
root system, often with a large lesion extending above the cotyledons, plant very small and wilt;
5, plant completely dead or no green leaves).
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Supporting information

Table S1: Primers used for cloning.
Name

Sequence

Ta (˚C)

HiFi_g287_g288_F acttgtttagaggtaatccttctttCAGGACACTTGGCGTGCTAAG

69.5

HiFi_g287_g288_R ggtacgccttggaTTGAAGGCACGCATCGCATTG

69.5

HiFi_g410_F

gcgtgccttcaaTCCAAGGCGTACCATTACAC

65.4

HiFi_g410_R

cgttgtaaaacgacggccagtgccaCATCGATCTCGCGTTGCACG

65.4

HiFi_g250_F

acttgtttagaggtaatccttctttCCATCTGGTGACCCTAGGAATC

64.5

HiFi_g250_R

tgcagccgtatcgGCATCCCACTGTATTCGTTG

64.5

HiFi_g317_F

acagtgggatgcCGATACGGCTGCAAAGTGTG

65.6

HiFi_g317_R

cgttgtaaaacgacggccagtgccaACTATGCTCCGAATCTTGCC

65.6

HiFi_g293_F

acttgtttagaggtaatccttctttAGGAGTTGGAGAGCCAGAAC

67.6

HiFi_g293_R

atcaaatcccacgTAGAGGGTGGAGCAGAGAGC

67.6

HiFi_g297_F

ctccaccctctaCGTGGGATTTGATCGAGACTAG

63.1

HiFi_g297_R

cgttgtaaaacgacggccagtgccaGAGTATCAGTAGTAACATCGTGAATG

63.1

HiFi_g310_F

acttgtttagaggtaatccttctttCTTCTATCTAGTTCTGGCCTAC

62

HiFi_g310_R

gctcaccagctgCTGATACTCTGCTCTATGCG

62

HiFi_g340_F

agcagagtatcagCAGCTGGTGAGCTATCATAC

61.1

HiFi_g340_R

cgttgtaaaacgacggccagtgccaCACCAAGAAGAATATCCACG

61.1

HiFi_g291_F

acttgtttagaggtaatccttctttCGAATTGCCACACCAAAGGAG

67

HiFi_g291_R

cgttgtaaaacgacggccagtgccaTCGAGAGGTGGTTACGCACAAAG 67

HiFi_g14035_F

acttgtttagaggtaatccttctttCGACTTACACACCTGCGAATAC

64

HiFi_g14035_R

cgttgtaaaacgacggccagtgccaATCTGGTGACCCTAGGAATC

64

5

Ta: annealing temperature.
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Appendix
Putative Avr gene in Fom for cucumber/watermelon
g14035
ATGAAGCCAGTCTTTATCTCTATTGCCAGTATGGCTCTTGCGTCGGCTACTCCGATTATTTCTGATACAGGCTCATCTCTG
CAAGTCAGAGGCAATGACGAGTCAGACATAGTTCTGGAAAAGCGCGCTATGGCGGCTATGGACAGGTGAGCAGAAATT
ATCTGTGAAATGGTTTTCAGTAACTAATCAATCGGCCCCTAGCAATATACTGGACAAGCGCACTGGTCGTCATGGACTGA
TGCAAGTGCCCAACAGTGTCGGCACCGCGGTCAAAACCATTGGCTTTATTATAGTGAAAGCTATTGTCAATGCTGCTGGT
GATCTTGTCTTTCAAATCACTAATAATGGCGGGACTCCGTACAAGGTATCATTTCGTGAATCCGGTACTATGCTGGACGC
CGGTAATCCTGAGGTCGCTTCCCACCATACAATCGACTATGATCCTTTGGGCGGAATCAAACGAGGAGACACCGTCTCCA
TCACCACCCAGATGCTGGGCTAA
>g14035
MKPVFISIASMALASATPIISDTGSSLQVRGNDESDIVLEKRAMAAMDSNILDKRTGRHGLMQVPNSVGTAVKTIGFIIVKAIVN
AAGDLVFQITNNGGTPYKVSFRESGTMLDAGNPEVASHHTIDYDPLGGIKRGDTVSITTQMLG

Putative virulence genes in Forc016
Absence:
>g287
ATGAGGCTTTCAGCAGTTGCGGCAACGGCCTTTGCCATCTTCTCTACCGCCGAAGCCCAGAATAGGAATATTCAAGTTGG
TTGCTATGCTGCTGATCCCCGCCAGGATGGCCTTCTCCCGAAACTTCTCCTTGACTCAAGCGCCCGCGCGAGGGCCGACC
CAGAACTACGCTTTGGACTTTGGGATGCCGGGAACAAACTGTGCTGTACTAGCCCAAGGAGTTGCGGTAAATTTTATGG
ATTTACCTATAACCATCCTTACAATTGGGCTTCCAGAACGAGCACCGGAATGATCGATGGCCAGAATGTCAGGTTTACTT
GTGTCGGATTCAGTATGGGACAATGCACCCGGAATTAA
>g287
MRLSAVAATAFAIFSTAEAQNRNIQVGCYAADPRQDGLLPKLLLDSSARARADPELRFGLWDAGNKLCCTSPRSCGKFYGFTY
NHPYNWASRTSTGMIDGQNVRFTCVGFSMGQCTRN
>g288
ATGGCAACTAGCATCAAGTCTCTCGTCCTTGCGTGCTTTCTTATTCAAGCTGCACAAAGGTACATACAACCTCTCTCTTTCC
TTCCCAGCAGCGCCCGGACTAATCCAATAAACAATCAGCAAGGACCACAGTAGTCACAACTGCTGTTTGAACACTTTTGA
GGGCTGGATTCCCCGAAACGATTGGACAAAGGCGGTGTGTGCTAAACGCTGGGGGTCTGTGGTAAGTACTGGTCTAAT
TCGACTCCAGTGGATGTAATAACGCGGCTGTCAGGCGACTTTCGACGGCGTCAAGTGTATTCAGAAGCCAGGCAATGTG
ATCAGTGGCGATGATTTCTTCACTGCCTGCAAGCTTTATGGAAGGATGCACGGTTATGGACCCGAGTGGGAGATTGGTT
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GGATATCGTGGCACTTGCTCTTAA
>g288
MATSIKSLVLACFLIQAAQSKDHSSHNCCLNTFEGWIPRNDWTKAVCAKRWGSVATFDGVKCIQKPGNVISGDDFFTACKLY
GRMHGYGPEWEIGAGYRGTCS
>g410
ATGAAGTTTTCAAGAATCGTTACAGGTGCAGCATTTCTAGCCCGCACATTCGCTATTGCCATCCCCCAATCCGATACCGAT
ACAACCGAACAAACGACAGACGCGGCTCCCGACTTGACGAATTTGGTTATTGGACAAACCATAGGGCCTCTCATTGTCGA
TGTAAGTAGCGTCTTAAGTTTTCCAGGAAAAGTCCTAATTATCTAGGCTATTGGCGAACCTCTCACTAGAGAGGTTAATA
TTATCGATGCTCGTGATGAACTCTCGGATGAGAAAGTCGTTCTCAGTCAACCCTCCACACGAAGAATCTTTAATCTGGTTC
TTAAAGATGCATTCGCGAAGTTTGTTCAATGCCCAAAGAATATCAAGTGGGGAGTTATGATGCTTTGGAATCCTCACGAG
GAGAATACAGCCCACGATGCTCTTCACACAAAAGTCTTGGAAACCAGTATTAACTTGGTTAAGAAAAGTGGTACTTTCAT
CGAAGATCATCTGGGATGGAAAAAGGTTGATGAATGGATCAATTTTGCAGCAAACGTCCGGTTACATGGCGATTACTAC
AACTCAGTCAAGGAGTCAACCAGCCATATAAGTGTGTATATGAGTATTAAAGGCTCGGTCAACGTCGCTACAAACCAATT
CATCATGCGCGGAATTGAGACAGGTCCAGAGGTCTGGTATAACGGAATCCGGTACCAAATGACGGATGGTTCCAGCATT
ATCTCGAGTTGGTCTTTTGACGCAGGCCAGCTCTAA
>g410
MKFSRIVTGAAFLARTFAIAIPQSDTDTTEQTTDAAPDLTNLVIGQTIGPLIVDAIGEPLTREVNIIDARDELSDEKVVLSQPSTR
RIFNLVLKDAFAKFVQCPKNIKWGVMMLWNPHEENTAHDALHTKVLETSINLVKKSANVRLHGDYYNSVKESTSHISVYMSI
KGSVNVATNQFIMRGIETGPEVWYNGIRYQMTDGSSIISSWSFDAGQL
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Homologs:
>g250
ATGAAGCCAGTCTTTATCTCTATTGCCAGTATGGCTCTTGCGTCGGCTACTCCGATTATTTCTGATACAGGCTCATCTCTG
CAAGTCAGAGGCAATGACGAGTCAGACATAGTTCTGGAAAAGCGCGCTATGGCGGCTATGGACAGGTGAGCAGAAATT
ATCTGTGAAATGGTTTTCAGTAACTAATCAATCGGCCCCTAGCAATATACTGGACAAGCGCCGTGGTAGTACTAGGCTTT
TGAACGTGCCCAACAGTGTCGGCACCGCGGTCAAAACCATTGGCCTTATTGTAGTGAAAGCTATTGTCGATGCTGCTGG
TGATGTTCTCTTTGAAATCACTAATAATAGCGCGACTCTGTACAAGGTATCATTTCGTGAATCCGGTACTATGCTGGACG
CCGGTAATCCTGAGGTCGCTTCCCACCATACAATCGACTATGATCCTTTGGGCGGAATCAAACGAGGAGACACCGTCTCC
ATCACCACCCAGATGCTGGGCTAA
>g250
MKPVFISIASMALASATPIISDTGSSLQVRGNDESDIVLEKRAMAAMDSNILDKRRGSTRLLNVPNSVGTAVKTIGLIVVKAIVD
AAGDVLFEITNNSATLYKVSFRESGTMLDAGNPEVASHHTIDYDPLGGIKRGDTVSITTQMLG
>g283
ATGCGCCTAACCAACTTTATTCCAATTACAGCAGTCTTTCTACCCTTTGCTATAGCAAACTGCATACAGCGGACTGCACGA
TGCGTAAGTAAAAGTGACATCTCAAGCAATATTTGCTTACATAAACTTGCAGGGACCTGAGGATGTCTGCCTTCGTGTAA
GCGGTACTCAAGTCTGTGGCACAACTGAAGTATCTCAAGGATGCGACCTCACGCTTCGCCGTGACGGTACTGGCGGCGC
AGTAACTGTATGTTATCTAACTCACAAAACTCCTAGGTTAACTGATACTAACTTTGCAGTGTACTTGTTGCCCAACATAG
>g283
MRLTNFIPITAVFLPFAIANCIQRTARCGPEDVCLRVSGTQVCGTTEVSQGCDLTLRRDGTGGAVTCTCCPT
>g291
ATGCAGTCAGGCGGGACGCTGACCTGGAGGCAAGGCATCTTCCTAGGCCTTGTGCTTCTCATTGCCTTCTTGATGCCGC
AGGCAGGTATGTCTCCATAGGCAGGCGCTAGAGCTGGCGGAGCGAGAACATCACGCTGACCTGTACAAATAGCCTCCGT
CAAGGAGAATGACTTCAAGAAGTGCCACCAGTCTGGCTTCTGCAAGCGGAACCGACACTACGCCGACAGAGCCTCCGCC
CAAGGGCCGAAATGGGTCGCGCCATACAACATCAAGCCTGAAACCGTCTCTCTCAAGGATGGCCAGCTCTCTGCTGTCAT
TTTAAAAACCATCAGCGACCAGAAGGAGACGGTCAGCCTCCCTATCACCATTTCGTTCCTCGAATCCGGCACCGCCCGCG
TCACGGTCGATGAGGAGGTGCGAAAGAATAAGAAGATCAAGCTTCGGCATGGCAGCAAAGCCAGGAAGGAGCGTTACA
ACGAGGCTGAGAGGCTCACTATTGTGGGCGGTCTGACTCTGGACAAGGAGGCCAAGATCGCGAAGCAGGATGACTCCC
ACCTTGTGATCCAGTATGGCCCAGGCTCCAAGCTGGAGGCGGTGATCAGGTTTTCGCCCTTCCTGGTGGATTTCAAGCG
GGATGGCGCTTCCCAAATCAGGTTAAACGACCAGGGTCTGCTCAATATGGAACATTGGCGCTCCAAGATTGACAAGGTT
GTCGAACAGCCTGCTGAGGGCATGGAGCAGAAGCCAATCGAGGGCGAGGCCGAAGGGTCCAAGGGAGAGGACGAGTC
GACCTGGTGGGAGGAGACTTTCGGAGGCAACACCGACTCTAAGCCGAGGGGCCCCGAGAGCGTTGCCCTCGACATCAC
CTTCCTGGGCTACGACCATGTGTATGGTATCCCTGAGCACGCCGGTCCCATGGCCCTCAAGGAGACGCGAGGTGGCGAG
GGCCAGTACTCTGAGCCTTACAGATTGTATAACACGGATGTCTTTGAGTACATCTTGGACAGTCCGATGACTCTGTACGG
TGCCATTCCCTTCATGCAGGCTCACCGCAAGGACTCTCATGTTGGTGTCTTCTGGCTGAACGCCGCCGAGACCTGGATCG
ACATCACTAAGGCTAAGACCAACACCAACACGCATTGGATCTCAGAGGCCGGCCTCCTGGACGTCTTCGTCTTCCTTGGA
CCCACCCCCAAGGATGTGCTCAAGAACTACGTTGCGCTTACAGGCGCCACGGCACTGCCTCAGGAGTTCTCCATCGGCTA
CCACCAGTGCCGCTGGAACTACATCTCCGATGACGACGTCAAGGATGTAGACCACGGGATGGACAGGTTTAAGATCCCC
TACGACGTTATCTGGTTGGACATTGAGTACCCGGATGACAAGAAATATTTCACGTGGGAGCCGAACATGTTCAAGGACC
CTATCAGCATCGGCGAACAGCTTGATGCGCATCGCCGCAAGCTTGTCGTCATTATCGACCCTCACTTCAAGAAGACGGAT
GGCTATAAGATTGTGTCGGAGCTCAAGTCCAAGGGCTTGGCCGTCCGTACCAAAGACGGCAGCATCTTCGATGGCTGGT
GCTGGCCAGGCTCCTCCCACTGGATTGACTGCTTCAACCCTGCTGCCATCGAGTGGTGGAGCGGTCTTTTCGATTACAGC
GTCTTCAAGGGCACCATGGAGAACACTTTCATCTGGAACGATATGAACGAGCCGTCTGTCTTTAACGGCCCGGAGGTCA
CTATGCCTAAGGATAACCTGCACTTCGGCGACTGGGAGAACCGCGATCTGCACAATATTAACGGCATGACCTTCCACAAC
GCTACCTATCACGCCATCTTGACCCGCAAGAAGGGAGAGCTTCGCAGGCCCTTTGTGCTTACTCGCTCCTTCTTTGCTGG
CTCGCAACGTTATGGCGCCATGTGGACTGGTGATAACCAGGCCTCTTGGGGCCATCTTGCCGTATCGTTACCTATGATCC
TTAGCCAAGGTATCTCTGGCTTCCCCTTCGCTGGCCCTGATGTTGGTGGCTACTTCGGTAACCCCGACCCGGATCTGTAC
GTTCGTTGGTACCAAGCCGGCGCTTTCTACCCCTTCTTCCGCGGCCACGCCCACATTGACGCCCGCCGCCGCGAGCCCTA
CCTCATGGATGAACCCTACCGCTCCATTGTCACTGCTGCGCTGCGTCTCCGCTACAGCCTGCTGCCCTCCTGGTACACGG
CGTTCTACCAGGCCAGTCGGGACGGAAGCCCGATTGTGAAGCCTATGTTCTACACACATCCGACTGAGGAAGGTGCCTT
CGACCTCGACGACCAGCTATTTCTCGGGACGACTGGTCTGCTTCACAAGCCCACCGTGGACAAGAACGCCGAGTCGGTC
CACATCTACGTCCCTGATGACGAGGTGTACTACGACTACTTCACCTACCAGATTCAGTCCACCTCCAAAGGCAAGCGTCTA
ACTGTGGCCACACCCCTGGACAAGACCGCCCTTCTTATGCGCGGCGGCCACATCTTCCCCCGACGTGACATTCCCCGCCG
CTCCAGCAAGCTCATGCAGCTCGACGACTACACCCTGGTCGTCTCTGTCGGAAAGGCTGGCACCGCAGAGGGCGAGCTG
TACGTCGACGACGGCGACTCGTTCGAGTACGAAAGCGGCCAGTATATTCACCGCAAATTCGCCTTCGACAAGGACGGGA
ACAAATTCACCTCGACCGAGGCCGATGGCCGCGACACTGCGTCCATCAAGGCCGGCCCATGGCTCCAAGCCATGGACGG
CGTGTACGTCGACAAGATCATCATCGTGGGAGCCCCGGCAGCATGGAAGAAGGACGAGGTGCTCATCGAGTCGGACGG
CAAGAGCTGGACTGCTCCCGTCCGATACCACGATGCCCTTGGTGGCCGGGCGCCGTTCGCGGTGGTTGGCCGCGTTGG
CGCTCGTATTGGAGAGAACTTTACCGCCAAGGCGGCCTAA
>g291
MQSGGTLTWRQGIFLGLVLLIAFLMPQAASVKENDFKKCHQSGFCKRNRHYADRASAQGPKWVAPYNIKPETVSLKDGQL
SAVILKTISDQKETVSLPITISFLESGTARVTVDEEVRKNKKIKLRHGSKARKERYNEAERLTIVGGLTLDKEAKIAKQDDSHL
VIQYGPGSKLEAVIRFSPFLVDFKRDGASQIRLNDQGLLNMEHWRSKIDKVVEQPAEGMEQKPIEGEAEGSKGEDESTWWE
ETFGGNTDSKPRGPESVALDITFLGYDHVYGIPEHAGPMALKETRGGEGQYSEPYRLYNTDVFEYILDSPMTLYGAIPFMQA
HRKDSHVGVFWLNAAETWIDITKAKTNTNTHWISEAGLLDVFVFLGPTPKDVLKNYVALTGATALPQEFSIGYHQCRWNYI
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Chapter 5
SDDDVKDVDHGMDRFKIPYDVIWLDIEYPDDKKYFTWEPNMFKDPISIGEQLDAHRRKLVVIIDPHFKKTDGYKIVSELKSK
GLAVRTKDGSIFDGWCWPGSSHWIDCFNPAAIEWWSGLFDYSVFKGTMENTFIWNDMNEPSVFNGPEVTMPKDNLHFGDW
ENRDLHNINGMTFHNATYHAILTRKKGELRRPFVLTRSFFAGSQRYGAMWTGDNQASWGHLAVSLPMILSQGISGFPFAGPD
VGGYFGNPDPDLYVRWYQAGAFYPFFRGHAHIDARRREPYLMDEPYRSIVTAALRLRYSLLPSWYTAFYQASRDGSPIVKPMF
YTHPTEEGAFDLDDQLFLGTTGLLHKPTVDKNAESVHIYVPDDEVYYDYFTYQIQSTSKGKRLTVATPLDKTALLMRGGHIF
PRRDIPRRSSKLMQLDDYTLVVSVGKAGTAEGELYVDDGDSFEYESGQYIHRKFAFDKDGNKFTSTEADGRDTASIKAGPW
LQAMDGVYVDKIIIVGAPAAWKKDEVLIESDGKSWTAPVRYHDALGGRAPFAVVGRVGARIGENFTAKAA
>g293
ATGCAGCACCCAAGCTCTGCGGCGCTGCTGAGCGCCATCTTCGCCTTTACATTGGCAGCTGCAGGCAGTTTGCCCAAGG
GTGTTGGCCCAGAATGTAAGATTAAGCTTCTAGGGGAAGCTTCTCTTGAAGCTATCCCTATCATCGCCAACAACCATTCA
AGTTAACATCCCCCAGTCGCCTCCCACTATAAGGGCAAGGAAAAATTCTTCTGCATCACCAATGCCGCCATCAAGCTGAG
CTTGAGCCAGATCAACGACAACTCGTGCGACTGCCCCGACGGCTCAGACGAGCCCGGCACCGCCGCCTGTGCCCTCCTC
GACCCCCTCTCCCCCGAGCAGCCCCTATCCGGTTCCGTCTCCGGCACGACAAACGTCACCAATGCTCTGCCCGGCTTCTGG
TGCGCAAACGAGGGCCACATCGGTATGTACGTGCCGTTCCTGTACGTTAACGACGGCGTCTGCGACTACGACCTCTGCT
GCGACGGCTCAGAGGAATACAAGGGCGTGGGAGGCGTCAAGTGCGAGAACCGCTGCGGCGAGATCGGCAAGGAGTA
CCGGCGTCTTGAGGAGGAGAAGCGTAGGGCCATGGGGAAGGCCGAGACAAAGCGCAAGGCCATGGCCGGCGAGGCG
AGGGATCTGCGCCAGCGCGTCGAGACTAAGGTCGCCGAGCTGAAGGGCGAGATCGCAGCCCTGGAGACCAAGAAGGA
GGACCTCACCAGGAAGCATCGAAAGGTCCAGCAGGAGGAGAAGGGCAAGGTTGCCCGTGGTGGGGGCACAGGCGGCA
AGCTTGGCGTGCTCGTCGGGCTGGCCAAGGCGCGCGTCAATGAGCTCCGCCAGATTCTAGAGGATGTGGTTGGCCAGC
GGGATGAGCTCCAGGAGAGGGTTAGCGAGCTCGAAGAGCTGCTGACCAAGTTCAAGAAGGGCTATAACCCCAACTTTA
ACGATGAGGGCGTCAAGGCGGCTGTTAAGTCCTTTGAGGACTACTCTGCTCGTGAGGAGACGGAACGGGCGAGCAAG
AAGGTTGTCAACGAGGATGACATCCTGAGTGTCCTCCAAGAGGACAGTGAGCGCAACGGCGTCAACTGGAAGGAGTTT
GAGGAGGGCGACGCCAGCGTCACAGACATCAGTAAGTCCACAATCCCCACAGAGTAAAGGTCTACTAACAATCCCAGTC
TACAACTTCGAGGCCTACCTCCCCCCCTTCGCCCGCTCCCTCCTCCACAGCACCCTCGACTTCCTCCGCATCTGGCTCATTA
CCGACGGCATCCTCGCCGACAACCCCATCCCTGGCCAGGAATCTACCCTCGTCCGCGCCGTCCGCGCCGCCCTCGAGGTC
GCCGACCGCGACCTCACTAAGAAGACTAAGGACCTCGCCAAGGAAGAGCAAGACCTCGCGCAGGACTACGGGCCCGAC
GACATCTTCCGCGCGCTCAAGAATAAGTGCATCAGCCTGGAGGCGGGAGAGTACACGTACGAGCACTGCTGGCTCGAG
AAGGCGATGCAGAAATCCAAGAAGGGTCACGGGCACAGCATCATGGGCCACTTCAAGCGCATCCAGCGCGACTTCGTG
GACGACGAGGACCGGCTCGACGGCAAGAGCCTCGGCAGGGGGGAGAGGATCGTCCTGCGGTACGAGGACGGGCAGC
AGTGCTGGAACGGCCCCAAGAGGAGGACTGACGTGTGGCTCGGGTGTTCTGAGACGGAGGAGGTCTGGAGGGTTAG
CGAGGCAGAGAAATGCGTGTACAAGATGGTGGTTGGGACACCGGCGGCTTGTGAGTTTGCGGAGGCTGCTGGGGTG
AGGAAGAAGGATGAGCTGTAG
>g293
MQHPSSAALLSAIFAFTLAAAGSLPKGVGPEFASHYKGKEKFFCITNAAIKLSLSQINDNSCDCPDGSDEPGTAACALLDPLSPE
QPLSGSVSGTTNVTNALPGFWCANEGHIGMYVPFLYVNDGVCDYDLCCDGSEEYKGVGGVKCENRCGEIGKEYRRLEEEK
RRAMGKAETKRKAMAGEARDLRQRVETKVAELKGEIAALETKKEDLTRKHRKVQQEEKGKVARGGGTGGKLGVLVGLA
KARVNELRQILEDVVGQRDELQERVSELEELLTKFKKGYNPNFNDEGVKAAVKSFEDYSAREETERASKKVVNEDDILSVLQ
EDSERNGVNWKEFEEGDASVTDIIYNFEAYLPPFARSLLHSTLDFLRIWLITDGILADNPIPGQESTLVRAVRAALEVADRDLTK
KTKDLAKEEQDLAQDYGPDDIFRALKNKCISLEAGEYTYEHCWLEKAMQKSKKGHGHSIMGHFKRIQRDFVDDEDRLDGK
SLGRGERIVLRYEDGQQCWNGPKRRTDVWLGCSETEEVWRVSEAEKCVYKMVVGTPAACEFAEAAGVRKKDEL
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>g297
ATGACTCGGTTTCATCTTATCCTTTTACCACTACTTGTCTCCTGGTTCTCCTATTGCTTAGGGGAGTTAGAGGTGTCTGAT
TTGTCTGATCAGCCTCCTAGCGTCGAAAATACTTATCGGGATCAGGCCTTCAACGAAGATGAGCTACTCAAAGTCGTGGA
CGAGCTCTCGGTAGAGCTAACAAAGCATACGGAACGGGCCCTAGTCTCGGAAGCAGCAGTACAGAAGCGTCAAGACGAC
GAATACCCTAACGGACCTTGCCCGAGGGGAGGACGTCTTTATGTTGATTCAGATGAAGATAGGTCATGCAACGCAAAAT
GGGGAATTCAAACGCACAACGATGTTAGAACGTTTGGCTCAACTGGTTCGGTTTGCGCAGGCACGTTCAGGCGGATCAC
TTGCGCTTGCTGCTATACAATGCACCCCATCACGGATAATGATGTAAGAGTGAATAACTATCTTTTAAGAGGCCTTATTAG
TTACTAACTCAAAGCCTACTAGGTGCCAAGAATGGACGGAATATATTGCCCAAAATGGCATGTTTGTAAGCAGGAACCTG
AACGATGGAGTAAATGGGGAAATAGGGTACCTCATACATCATGTGTACAGGCGACGAAGCTCATCGAGATCTTGATCGC
TACCAAAAAAGTCGTTAAGGAGTACTGTACTCCTAAGCGGTGGCTCCCATCAACTGGCAAGGGCAAAAACGCAAAATTCC
ACGCATGGGCATACAATTACAGCACGGGACAGCTTACAAAACTCAAGTGGATGTATTTGAAGTTGGATGGTCAATATGT
TCAGTCAGCGCCAGGGATTTCGGAATGGGGACCCACTTACAGTGTCAATGACCATAACGCCATTGAATTATGTGGCTACC
CCTCTGACGATATGCAAAGAAATTCCATCGATGCCGAGTTACAGTGGGAGGTTACTGTACAGTAA
>g297 (SIX13)
MTRFHLILLPLLVSWFSYCLGELEVSDLSDQPPSVENTYRDQAFNEDELLKVVDELSVELTKHTERALVSEAAVQKRQDDEYP
NGPCPRGGRLYVDSDEDRSCNAKWGIQTHNDVRTFGSTGSVCAGTFRRITCACCYTMHPITDNDVPRMDGIYCPKWHVCKQ
EPERWSKWGNRVPHTSCVQATKLIEILIATKKVVKEYCTPKRWLPSTGKGKNAKFHAWAYNYSTGQLTKLKWMYLKLDGQ
YVQSAPGISEWGPTYSVNDHNAIELCGYPSDDMQRNSIDAELQWEVTVQ
>g310
ATGCTCTACCCACGCTTTCAATCGGCCACTGTTGCCGTTATTGCCGCTGTTCTCACCCCGCTTGTCTTAGGAGCAGCTACT
CCTACCCCGCAGCCAAGTATCCAGTGGGAAACCACTACCAAGGACATCCTTCTCTCTGAGATAGGTCCCTTCGACCTTGA
GTCTCAGCTTACTTCTTCTGGCTCTACCTCCGGCACCATGAACAAGCGAAGCTCTTACTCCGAAGGCGTTTGCAATGCTAT
AAGCTTTTTGCCACATACAGGTGGTAAATGGCATTTCGAGCAGGCTTGGTGTGACCGCACGGGTACTGATGTCAACACC
TTCAAGGTTGACTGCTTCGGTGGGCGAAACTACGTTGAAACACTGCCTAAAAGGAAAGGAGCATGTGGTAAAGAGGAG
TGGTGTGTGGACTTTCACGGCTATAACGCCAAAGGGGATGCAGCCGACGACGTGACCTGTGTTAACAGAAAGGATATTC
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ACACATGGGTCGCCAACACTCAAACACGCCCAGTGGAAGATAGGGTCACTTGCAGTTCCGGATGGAGGAACGACTATAA
ACAGAGTGCTAAAGCGACCTTTGAAGTTGACGTTATGGATTCTGATGGCAAGAACCGGATTGCTCCTGAGAACGTATAT
TATATTCTCAACCAAAAACGGATTGGTGTATCCCGCAGCAATGATGCTGAAGTAGGCTCTGGATATATTACTATCCCCCCC
GGCGGAGCTATCCAGGCATGTGTCACTGCAAAGGTCGCACAGCAACAGATCTTGAACCTCCTGGGCGCTATTACTTCATT
CAAACTTCTCTAA
>g310
MLYPRFQSATVAVIAAVLTPLVLGAATPTPQPSIQWETTTKDILLSEIGPFDLESQLTSSGSTSGTMNKRSSYSEGVCNAISFLPHT
GGKWHFEQAWCDRTGTDVNTFKVDCFGGRNYVETLPKRKGACGKEEWCVDFHGYNAKGDAADDVTCVNRKDIHTWVA
NTQTRPVEDRVTCSSGWRNDYKQSAKATFEVDVMDSDGKNRIAPENVYYILNQKRIGVSRSNDAEVGSGYITIPPGGAIQACV
TAKVAQQQILNLLGAITSFKLL
>g317
ATGCGCCTGACCAACTTTATTCCAATTATAGCTGTCTTTCCACCCTTTGCTATAGCAAACTGCATACAGCGGACTGCACGAT
GCGTAAGTAAAAGTGACATCCAAAGCAATATTTGCTTACATAAACTTGCAGGGACCTGAGGATGTCTGCCTTCGTGTAAG
CGGTACTCAAGTCTGTGGCACAACTGAAGTATCTCAAGGATGTGACCTCACGCTTCGCCGTGATGGTACTGGCGGCGCA
GTAACTGTATGTTATCTAACTCACACAAAACTCCTAGGTTAACTGATACTAACTTTGCAGTGTACTTGTTGCCCAACATAG
>g317
MRLTNFIPIIAVFPPFAIANCIQRTARCGPEDVCLRVSGTQVCGTTEVSQGCDLTLRRDGTGGAVTCTCCPT
>g330 (homolog of g293 with 6 SNPs)
ATGCAGCACCCAAGCTCTGCGGCGCTGCTGAGCGCCATCTTCGCCTTTACATTGGCAGCTGCAGGCAGTTTGCCCAAGG
GTGTTGGCCCAGAATGTAAGATTAAGCTTCTAGGGGAAGCTTCTCTTGAAGCTATCCCTATCATCGCCAACAACCATTCA
AGTTAACATCCCCCAGTCGCCTCCCACTATAAGGGCAAGGAAAAATTCTTCTGCATCACCAATGCCGCCATCAAGCTGAG
CTTGAGCCAGATCAACGACAACTCGTGCGACTGCCCCGACGGCTCAGACGAGCCCGGCACCGCCGCCTGTGCCCTCCTC
GACCCCCTCTCCCCCGAGCAGCCCCTATCCGGTTCCGTCTCCGGCACGACAAACGTCACCAATGCTCTGCCCGGCTTCTGG
TGCGCAAACGAGGGCCACATCGGTATGTACGTGCCGTTCCTGTACGTTAACGACGGCGTCTGCGACTACGACCTCTGCT
GCGACGGCTCAGAGGAATACAAGGGCGTGGGAGGCGTCAAGTGCGAGAACCGCTGCGGCGAGATCGGCAAGGAGTAC
CGGCGTCTTGAGGAGGAGAAGCGTAGGGCCATGGGGAAGGCCGAGACGAAGCGCAAGGCCATGGCCGGCGAGGCGA
GGGATCTGCGCCAGCGCGTCGAGACTAAGGTCGCCGAGCTGAAGGGCGAGATCGCAGCCCTGGAGACCAAGAAGGAG
GACCTCACCAGGAAGCATCGAAAGGTCGAGCAGGAGGAGAAGGGCAAGGTTGCCCGTGGTGGGGGCACAGGCGGCA
AGCTTGGCGTGCTCGTCGGGCTGGCCAAGGCGCGCGTCCACGAGCTCCGCCAGATTCTAGAGGATGTGGTTGGCCAGC
GGGATGAGCTCCAGGAGAGGGTTAGCGAGCTCGAAGAGCTGCTGACCAAGTTCAAGAAGGGCTATAACCCCAACTTTA
ACGATGAGGGCGTCAAGGCGGCTGTTAAGTCCTTTGAGGACTACTCTGCTCGTGAGGAGACGGGACGGGCGAGCAAG
AAGGTTGTCAACGAGGATGACATCCTGAGTGTCCTCCAAGAGGACAGTGAGCGCAACGGCGTCAACTGGAAGGAGTTT
GAGGAGGGCGACGCCAGCGTCACAGACATCAGTAAGTCCACAATCCCCACAGAGTAAAGGTCTACTAACAATCCCAGTC
TACAACTTCGAGGCCTACCTCCCCCCCTTCGCCCGCTCCCTCCTCCACAGCACCCTCAACTTCCTCCGCATCTGGCTCATTA
CCGACGGCATCCTCGCCGACAACCCCATCCCTGGCCAGGAATCTACCCTCGTCCGCGCCGTCCGCGCCGCCCTCGAGGTC
GCCGACCGCGACCTCACTAAGAAGACTAAGGACCTCGCCAAGGAAGAGCAAGACCTCGCGCAGGACTACGGGCCCGAC
GACATCTTCCGCGCGCTCAAGAATAAGTGCATCAGCCTGGAGGCGGGAGAGTACACGTACGAGCACTGCTGGCTCGAG
AAGGCGATGCAGAAATCCAAGAAGGGTCACGGGCACAGCATCATGGGCCACTTCAAGCGCATCCAGCGCGACTTCGTG
GACGACGAGGACCGGCTCGACGGCAAGAGCCTCGGCAGGGGGGAGAGGATCGTCCTGCGGTACGAGGACGGGCAGC
AGTGCTGGAACGGCCCCAAGAGGAGGACTGACGTGTGGCTCGGGTGTTCTGAGACGGAGGAGGTCTGGAGGGTTAG
CGAGGCAGAGAAATGCGTGTACAAGATGGTGGTTGGGACACCGGCGGCTTGTGAGTTTGCGGAGGCTGCTGGGGTG
AGGAAGAAGGATGAGCTGTAG
>g330
MQHPSSAALLSAIFAFTLAAAGSLPKGVGPEFASHYKGKEKFFCITNAAIKLSLSQINDNSCDCPDGSDEPGTAACALLDPLSPE
QPLSGSVSGTTNVTNALPGFWCANEGHIEEYKGVGGVKCENRCGEIGKEYRRLEEEKRRAMGKAETKRKAMAGEARDLRQ
RVETKVAELKGEIAALETKKEDLTRKHRKVEQEEKGKVARGGGTGGKLGVLVGLAKARVHELRQILEDVVGQRDELQERV
SELEELLTKFKKGYNPNFNDEGVKAAVKSFEDYSAREETGRASKKVVNEDDILSVLQEDSERNGVNWKEFEEGDASVTDIIY
NFEAYLPPFARSLLHSTLNFLRIWLITDGILADNPIPGQESTLVRAVRAALEVADRDLTKKTKDLAKEEQDLAQDYGPDDIFRA
LKNKCISLEAGEYTYEHCWLEKAMQKSKKGHGHSIMGHFKRIQRDFVDDEDRLDGKSLGRGERIVLRYEDGQQCWNGPKR
RTDVWLGCSETEEVWRVSEAEKCVYKMVVGTPAACEFAEAAGVRKKDEL
>g340
ATGAAATTCCTCACTCTCCTCGCTTCTGTCTCTATCGCTCTGGCGCTGGCCACCAAGCCAGTCCAACTTGGTACTGGGCAA
GACACTATTGATCCTTCGCTGGAGCCTATTCCACGCAATGGTATTGAGAATACAGACCCTGGGTCCGTCAAGTATGTTAC
AACTTTCTGTATCCCTTGATGTATCTGACATGTCCCAGAGTTGTCAGATCAGACGTCCAGGCACCGGATGGAGGCCTTGA
AAAGCGTGTTGATGGCATTCCGGTCCCCTACAACGTTGCTGACCCGCAACAGATACTCCTCGGAGGAATGGTCGTGTCCT
TTACCATGGTCGGAAAGTGGGTAAAGGAAGGAGGACACAGTGTTTACAGATACATCTGCAAGAGCATTACCTTCACGAA
TCCCACCTCGACTCGTAAGGTCGTTACTTTGATCGCCAACGGTGTCAAACTTATGGAAAATCAAATCTTTTCGGAACACAG
GATCAATAGCGCCAAGGCGCCGGCAGAAGGCTTTGGCAACACCGTTGATATTGTAATCGGAAATGCCTAG
>g340
MKFLTLLASVSIALALATKPVQLGTGQDTIDPSLEPIPRNGIENTDPGSVKVVRSDVQAPDGGLEKRVDGIPVPYNVADPQQIL
LGGMVVSFTMVGKWVKEGGHSVYRYICKSITFTNPTSTRKVVTLIANGVKLMENQIFSEHRINSAKAPAEGFGNTVDIVIGNA
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Chapter 6
General discussion
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Chapter 6
Summary
Despite the challenges encountered and the many questions that still need to be answered, the
results presented in this thesis have increased our understanding of the interactions between
Fusarium oxysporum (Fo) and plants. A minimal set of genes on the Fol pathogenicity
chromosome required for virulence was identified, and horizontal transfer of partial pathogenicity
chromosomes was demonstrated. In addition, I show that differences between the Fom and Forc
pathogenicity chromosomes determine the difference in host range between Forc and Fom.
Finally, I show that a single gene from Fom is able to turn Forc non-pathogenic to cucumber
plants. This exciting line of research is ongoing. I here discuss some implications of my findings
and propose some plans and ideas for continuation of this work.

Multiple virulence genes in Fo are required for causing disease.
Single genes in Fol, Forc or Fom whose deletion completely abolishes virulence on tomato
or cucurbits have not been found. I consider it most likely that several virulence genes work
together in these formae speciales to contribute to full virulence towards host plants. Some
effector genes may be functionally redundant in one condition, but contribute to virulence in
other conditions. In chapter 3 of this thesis, I have tried to narrow down genes in Fol that
are essential for infecting tomato plants. I concluded that a region of the Fol pathogenicity
chromosome containing SIX1, SIX2, SIX14, SIX3 and SIX5 is required for virulence. Among
these SIX genes, SIX1 (Rep et al. 2004), SIX3 (Houterman et al. 2009) and SIX5 (Ma et al. 2015)
have been shown to contribute to virulence. All these three SIX gene deletion mutants are still
pathogenic to tomato plants, though virulence is significantly reduced, especially when older

6

plants are inoculated. I have transformed SIX3 and SIX5 with their native promotor into Fol
pathogenicity chromosome deletion strains which had lost their virulence, as well as into Fo47,
but the transformants containing SIX3 and SIX5 were still not capable of infecting tomato plants
(data not shown). This indicates that additional genes, probably including SIX1, are required for
infecting tomato plants.
In Fol, deletion or loss of SIX2 (Gawehns et al. 2015), SIX4 (Houterman, Cornelissen, and
Rep 2008), SIX6 (Vlaardingerbroek, Beerens, Schmidt, et al. 2016), SIX7 (chapter 3), SIX9
(Vlaardingerbroek, Beerens, Schmidt, et al. 2016), SIX10 (Chapter 3), SIX11 (Vlaardingerbroek,
Beerens, Schmidt, et al. 2016), and SIX12 (chapter 3) does not affect virulence. This does not
mean that these effector genes do not contribute to virulence at all. Instead, their contribution to
virulence may be minor and may be compensated by other effector genes under the conditions
used.
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Another example of a probable additive effect of multiple genes required for virulence is shown
in chapter 4. In that chapter, Fom001 and Fom005 are selected as donor strains for horizontal
chromosome transfer (HCT). The recipient strain Fo47 with chromosomes from Fom001 or
Fom005 becomes pathogenic on melon plants, but melon plants infected with Fom001 HCT
strains show much less disease symptoms compared to melon plants infected with Fom005 HCT
strains. This indicates that more virulence genes are present in Fom005 HCT strains. We find that
except the syntenic are virtually identical chromosomes that are transferred from Fom001 and
Fom005, the second co-transferred chromosome of Fom005 is not shared with chromosomes
transferred from Fom001. It is most likely, therefore, that the second co-transferred chromosome
of Fom005 is responsible for the difference in virulence towards melon plants. Since the syntenic
chromosome in Fom005 HCT strains contains the constitutively expressed GFP gene and the
constitutively expressed RFP gene is present elsewhere in the genome of Fom005 HCT strains,
fluorescence-assisted cell sorting (FACS) could be performed to select spores without green
fluorescence. Spores without the syntenic chromosome can thus be obtained, and the virulence
of these strains assessed. In that way, the contribution to virulence of the second co-transferred
chromosome (independent of the syntenic chromosome) will be revealed.

The use of FACS to obtain chromosome deletion strains
FACS has been successfully established and used to study pathogenicity and chromosome
dispensability of Fo and other plant pathogenic fungi (Plaumann et al. 2018; Vlaardingerbroek
et al. 2015; Vlaardingerbroek, Beerens, Schmidt, et al. 2016). Initially, FACS was used for
screening transformants of Fo based on fluorescence instead of drug resistance (Vlaardingerbroek
et al. 2015). This method provides an alternative way to insert multiple genes into one genome
when the number of drug resistance genes are limited. In addition, some drug resistance genes
can have potential effects on the integrity of the genome. For example, it has been shown that
bleomycin can induce double-stranded DNA breakage (Chen et al. 2008).
Furthermore, FACS is employed to study the dispensability and function of certain chromosomes
or genomic regions (Plaumann et al. 2018; Vlaardingerbroek, Beerens, Schmidt, et al. 2016).
By tagging specific chromosomes in Fol with different fluorescent markers, the stability or
dispensability of these chromosomes have been assessed based on the fluorescence loss
rate (Vlaardingerbroek, Beerens, Schmidt, et al. 2016). To determine which parts of the Fol
pathogenicity chromosome are required for virulence, FACS has also been used in chapter 3. I
have obtained many Fol partial pathogenicity chromosome deletion strains by labelling either
arm of the Fol pathogenicity chromosome with GFP or RFP and selecting spores with only GFP
or RFP using FACS. This approach can be easily applied to other fungi that readily produce
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spores in culture to analyze chromosomes of interest.
Chromosomal deletion strains can also be used to narrow down genes that are responsible for
race or host specificity, which will speed up identification of these genes when combined with
other methods (see below). In Fol, three avirulence genes have been identified so far, and all of
them encode small in planta secreted proteins and reside on the Fol pathogenicity chromosome
(Takken and Rep 2010). It is therefore likely that Avr7, which can be recognized by I-7 in
tomato, is also encoded on the Fol pathogenicity chromosome (Gonzalez-Cendales et al. 2016;
Schmidt et al. 2013a). Using the pathogenicity chromosome deletion strains obtained in this
study can dramatically reduce the number of candidate genes for AVR7.

How to identify host specificity factors in plant pathogenic fungi?

6

Host specificity factors have been identified in many plant pathogenic fungi (Lanver et al. 2017;
Prasad et al. 2019; Selin et al. 2016; Toruño, Stergiopoulos, and Coaker 2016; de Wit 2016; Yan
and Talbot 2016), including Fo (Houterman et al. 2009, 2008; Ma et al. 2015; Rep et al. 2004),
Cladosporium fulvum (de Wit 2016), Leptosphaeria maculans (Ghanbarnia et al. 2018; PetitHoudenot et al. 2019; Plissonneau et al. 2018; Rouxel and Balesdent 2017), Magnaporthe oryzae
(Singh et al. 2018), Rhynchosporium secalis (Wang et al. 2014), Melampsora lini (Lorrain et al.
2019), and Blumeria graminis (Sabelleck and Panstruga 2018). A variety of approaches have
been used to identify these factors, such as sexual crosses combined with map-based cloning
in Magnaporthe oryzae (Luo et al. 2004) and Melampsora lini (Fudal et al. 2007), proteomics
in Fo (Houterman et al. 2007, 2008), comparative genomics in Verticillium (De Jonge et al.
2012), and transcriptomics in Blumeria graminis f. sp. tritici (Bourras et al. 2019). Among these
methods, comparative genomics combined with transcriptomics has become an efficient and
popular way to predict host specificity factors in recent years (Borah, Albarouki, and Schirawski
2018; Schmidt et al. 2016). For example, in Fo f. sp. melonis, host cultivar specificity factor
AvrFom2, which is recognized by the melon Fom2 resistance protein, was identified using a
candidate gene approach and whole genome comparison (Schmidt et al. 2016). More recently,
in Blumeria graminis f.sp. tritici, similar approaches were used to identify avirulence genes
AvrPm3b2/c2 and AvrPm3d3, which determine both cultivar and species specificity (Bourras et al.
2019).
To identify host specificity factors using comparative genomics, several aspects need to be
considered. First, a high quality reference genome assembly and annotation are necessary. By
using long reads sequencing technology such as SMRT sequencing by Pacbio and Nanopore
sequencing by ONT (Mantere, Kersten, and Hoischen 2019), genomic regions with many
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repetitive elements can be assembled. Since many host specificity genes are located in repetitive
regions (Ma et al. 2010), proper annotation can have a large influence on the success of finding
candidate genes. For example, in Blumeria graminis f.sp. tritici, by combining long-read
sequencing with high-density genetic mapping, bacterial artificial chromosome fingerprinting
and transcriptomics, a high quality genome assembly and annotation was obtained with 40%
more candidate effector genes predicted than previously reported (Müller et al. 2019). Second,
since host specificity genes are normally highly expressed during infection, RNA-seq data
from both in vitro and in planta material is an important reference to narrow down candidate
genes. For example, AVR5 in Cladosporium fulvum was cloned using a combined bioinformatic
and transcriptome sequencing approach (Mesarich et al. 2014). Third, comparative genomic
analysis needs a well-characterized pathosystem. All collected natural fungal isolates should
be phenotypically characterized by assessing their virulence on different host plants, and
microscopic analysis is needed in some cases (Bernstein et al. 1995; Borah et al. 2018; Yehuda
et al. 2004). Finally, additional criteria can be employed when predicting candidate genes, and
this can vary in different pathosystems. For example, in Fo, a miniature transposable element
(MITE) present upstream of effector genes has been successfully used to identify AVRFom2
(Schmidt et al. 2016).
As described in this thesis, it seems that horizontal chromosome transfer of pathogenicity
chromosomes is a common phenomenon in Fo. This provides the opportunity to focus on
pathogenicity chromosomes, which has dramatically reduced the number of candidate genes
that could be responsible for host range. In chapter 5 of this thesis, by comparing transferred
chromosomes between Forc and Fom in the background of Fo47, combined with RNA-seq
data, I was able to identify an avirulence gene in Fom which can turn Forc non-pathogenic to
cucumber plants. Similar approaches could also be applied to other ff. spp. of Fo to identify genes
responsible for (limiting) host range. It has been proposed that effector-triggered immunity plays
an important role in non-host resistance of closely related plant species (Schulze-Lefert and
Panstruga 2011). Thus, cucurbit-infecting strains of Fo are good candidates for future research
to identify additional effectors responsible for host specificity.

What is the evolutionary trajectory of cucurbit-infecting Fo?
Identification of g14035 in Fom001 as an avirulence factor for cucumber sheds light on the
possible evolutionary trajectory of host-specific pathogenicity between Forc and Fom. Two
homologs of g14035 are present in both Fom001 (g14035 and g14035-1) and Forc016 (g250
and g250-1), but they differ in sequence. The protein encoded by g14035-1 in Fom001 is exactly
the same as the protein sequence encoded by g250 in Forc016. The protein sequence encoded by
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g14035 is very similar to the protein encode by g14035-1, while the two homologs in Forc016
are much more divergent in sequence.
The ancestral version of g14035 (or g250) may have functioned as a virulence factor towards
cucumber. Cucumber plants would then have evolved an immune receptor to recognize the
original version of g14035. Selection pressure on the pathogen would then favor mutation or
loss of this gene. However, we find that some Fom strains only have one g14035 homolog
that is shared by both Forc016 and Fom001, indicating that this shared homolog can also be
recognized by cucumber. Possibly, mutation or loss of all g14035 homologs may have a fitness
cost for the pathogen, provoking another strategy to avoid recognition. One strategy might be
to use a second homolog of g14035 to suppress recognition, for instance by binding to g14035.
However, g14035 is obviously not suppressed by the second homolog since g14035 is able
to turn Forc non-pathogenic to cucumber plants. It could be that the second homolog in Forc
g250-1 has a high affinity for binding to g250 but not to g14035, thus allowing g14035 to be
recognized by the avirulence receptor. Suppression of recognition of avirulence effectors by
other effectors has been demonstrated, for example, in wheat powdery mildew (Bourras et al.
2015, 2019). The suppressor SvrPm3a1/f1 has been shown to suppress recognition of AvrPm3a2/
f2
, AvrPm3b2/c2 and AvrPm3d3 by their respective Pm alleles (Bourras et al. 2015, 2019). Fom
strains may have originated when g14035 became recognized by cucumber and/or a suppressor
homolog was lost. Alternatively, Forc may be evolved from Fom through a large insertion on
chrMLN, following large scale rearrangements on this chromosome. Then, for unknown reasons,
avirulence genes were no longer recognized by cucumber and watermelon plants. How a
presumed ancestral strain lost its virulence on watermelon, perhaps resulting in the current
Fom stains, remains to be investigated. Finding an avirulence gene that can be recognized by
watermelon may provide a clue.

6

It has been found that strain Fom023 is able to cause disease in both melon and watermelon (van
Dam et al. 2018). This strain may represent an intermediate state of an evolutionary trajectory
from Forc to Fom, when cucumber plants had evolved an immune receptor to recognize g14035
or another effector. It would be exciting to investigate whether g14035 or a homolog is present in
Fom023 and whether it can be recognized by cucumber. To achieve this, a high quality genome
assembly of Fom023 is required. By whole genome comparison between Forc016, Fom001 and
Fom023, and further experiments to test the (a)virulence function of selected effector genes,
we should obtain a better understanding of the evolutionary path of cucurbit-infecting strains.
In addition, it is also interesting to investigate whether a mobile pathogenicity chromosome
is present in Fom023, in the same way as the Forc and Fom pathogenicity chromosome have
been identified: by identifying and tagging the putative pathogenicity chromosome of Fom023
followed by transfer and/or chromosome loss experiments.
158

General discussion
What are the mechanisms underlying horizontal chromosome transfer?
He and colleagues have proposed two hypotheses regarding the mechanism of HCT (He et
al. 1998). First, during a transient stage of heterokaryosis, nuclear fusion may occur followed
by loss of almost all of the chromosomes from the ‘donor’ genome. Second, the transferred
chromosome may transfer through the nuclear envelope. Later, in Fol, it was demonstrated that
at least some core chromosomes can be transferred and this is accompanied by co-transfer of
the pathogenicity chromosome (Vlaardingerbroek, Beerens, Rose, et al. 2016), which favors
the first hypothesis since passing of the nuclear envelope by two chromosomes at the same time
seems less likely to happen (Vlaardingerbroek, Beerens, Rose, et al. 2016).
Results from this thesis also support the first hypothesis. In chapter 3, we have demonstrated
that the Fol partial pathogenicity chromosome can be transferred together with other accessory
genomic regions, including contig 58 and a large part of contig 47. From the CHEF gel analysis
and single chromosome sequencing, we show that contig 58, part of contig 47 and the partial
pathogenicity chromosome likely form one big chromosome after horizontal chromosome
transfer. Similarly, in chapter 4, we have shown that more than one chromosome can also be
transferred between Fom and Fo47, which is the third f. sp. in Fo that is shown to be able to transfer
its chromosomes to an endophyte after f.sp. lycoperisci (Ma et al. 2010; Vlaardingerbroek,
Beerens, Rose, et al. 2016) and f.sp. radicis-cucumerinum (Van Dam et al. 2017). Therefore,
our results favor the first hypothesis that horizontal chromosome transfer is the result of nuclear
fusion followed by selective loss of almost the whole genome from the donor strain.
By using live cell imaging, Shahi and colleagues have also concluded that HCT likely occurs
through nuclear fusion and gradual degradation of most chromosomes from one parental
strain, which is distinct from parasexual recombination (Shahi et al. 2016). However, how
the uniparental chromosome loss occurs remains elusive. It could be that after nuclear fusion,
the replication of one genome lags behind except for a few small chromosomes, and these
uncomplete chromosomes are degraded following mitosis. In exceptional cases, part of a core
chromosome of the ‘losing’ parental genome may ‘survive’ by recombination with the homolog
from the other parent (Vlaardingerbroek, Beerens, Rose, et al. 2016). Heterochromatinization
has been shown to play an important role in uniparental chromosome loss in interspecies plant
hybrid cells (Gernand et al. 2005). It is unknown if this is the case for fungi.

What could be the advantages and disadvantages of HCT for fungi?
One of the obvious benefits of HCT in fungi is that it can broaden host range. In Alternaria
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species, HCT of a single chromosome carrying a cluster of genes encoding host-specific toxins
enables pathogenicity on new hosts (Mehrabi et al. 2011; Tsuge et al. 2013). Broadening host
range is especially important for an obligate biotroph, providing an alternative way to increase
its population size and fitness in nature besides through a sexual cycle in another host, such
as with Puccinia graminis. However, keeping extra chromosomes in the genome of a fungus
may have a fitness cost. Even in the original fungus where these chromosomes come from,
most genes on these chromosomes are not expressed outside of plants (van der Does et al.
2016). Currently, an investigation of the stability of these chromosomes through experimental
evolution is underway. A clear selective advantage conferred by HCT for the fungus, and no
major fitness cost under nonselective conditions, would explain the prevalence of accessory
chromosomes (Juhas et al. 2009). In this thesis I show that the Fol pathogenicity chromosome
can undergo dramatic changes including deletions and multiplications, and some large deletions
have no obvious effect on virulence. In the background of a non-pathogen, strains with this
partial transferred pathogenicity chromosome are much more virulent than strains with a
complete transferred chromosome. Therefore, a pathogenicity chromosome may also undergo
partial deletions resulting in increased virulence.

Are there alternative ways to delete genes in Fo?

6

In this thesis, Agrobacterium-mediated Fusarium transformation is employed to delete genes
in Fo (Takken et al. 2004). In total, four genes or gene clusters were chosen for replacement
with a drug resistance gene. It turns out that gene deletion or replacement in Fo accessory
chromosomes is quite challenging. Apart from a low rate of success, ectopic insertions also have
occurred frequently (Table 1). For example, to insert the RFP gene on the short arm of the Fol
pathogenicity chromosome, we selected three different locations (SIX10/12/7, FOXG_16428
and FOXG_14135). After checking a total of 1678 transformants in several rounds of
transformations, we only obtained two in locus transformants and one of these also contained
(an) ectopic insertion(s). Similarly, to replace SIX6 with either the hygromycin resistance gene
or the GFP gene in Fom001, Fom005, or Forc016, the rate of success was very low. Even though
I managed to obtain in locus transformants in cucurbit-infecting strains, ectopic insertions were
present in all cases.
The difficulty in deleting genes in our case seems to be due to the genomic locations of these
genes (Ma et al. 2010; Schmidt et al. 2013b). All the genes that appear to have a very low
frequency of homologous recombination are located on accessory chromosomes. These
chromosomes are highly repeat rich and are modified with histone H3K27 methylation (Fokkens
et al. 2018), which could make these regions less easily accessible. In contrast, targeting genes
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on core chromosomes of Fo is much easier (Michielse et al. 2009).
Table 1: Overview of results of transformation experiments aimed at targeted gene replacement
Genes targeted
ATMT Rounds

SIX10/12/7 in FOXG_16428 in FOXG_14035 in
SIX6 in Fom001
Fol4287
Fol4287
Fol4287

SIX6 in Fom001
SIX6 in Fom005 SIX6 in Fom005 (GFP)
(GFP)

2

3

2

1

1

1

2

433

945

300

44

14

114

256

In locus

0

1

1

2

0

2

1

Ectopic insertion(s)

-

Yes

No

Yes

-

Yes

Yes

Total transformants

GFP: T-DNA containing both a drug resistance gene and a GFP gene.

Despite these challenges, Agrobacterium-mediated Fusarium transformation has been used for
all gene deletion studies of Fo in our lab (Van Dam et al. 2017; van der Does et al. 2016;
Houterman et al. 2009, 2008; Ma et al. 2010, 2015; Michielse et al. 2009; Rep et al. 2004;
Schmidt et al. 2013b; Vlaardingerbroek, Beerens, Schmidt, et al. 2016; Vlaardingerbroek,
Beerens, Rose, et al. 2016). For example, this method has been used for functional verification
of all three avirulence genes identified in Fol so far, including AVR1 (Houterman et al. 2008),
AVR2 (Houterman et al. 2009), and AVR3 (Rep et al. 2004). In addition, it has also been used
to tag specific chromosomes in Fo for horizontal chromosome transfer and chromosome loss
experiments (Van Dam et al. 2017; Ma et al. 2010; Vlaardingerbroek, Beerens, Rose, et al. 2016;
Vlaardingerbroek, Beerens, Schmidt, et al. 2016).
Still, it could be worthwhile to explore alternative ways to delete or replace genes in Fo. In
recent years, the most promising new method emerging is the CRISPR-CAS9 genome editing
approach (Schuster and Kahmann 2019). This gene editing system includes two components, a
guide RNA and a Cas9 endonuclease enzyme. The guide RNA and the Cas9 protein can form
a stable complex and once the guide RNA pairs with the targeted sequences, the Cas9 protein
cuts the double-stranded DNA. If a homologous DNA sequence is provided, the break region
will frequently be repaired using the provided sequence as a template for DNA repair. CRISPRCAS9 genome editing has been widely used in different organisms, including animals (Kaushik,
Ramachandran, and Srivastava 2019), plants (Kumar and Jain 2015) and fungi (Schuster and
Kahmann 2019). Fortunately, it has recently also been successfully established and employed
in Fo (Wang, Cobine, and Coleman 2018; Wang and Coleman 2019). The authors have listed
several advantages of the method that they established (Wang et al. 2018). First, transformation
of Cas9 protein/guide RNA ribonucleoproteins (RNPs) reduces integration of genetic material
to non-targeted regions of the genome. In addition, the target cleavage efficiency of different
guide RNAs can be assessed in vitro before introducing them into the fungus. This method has
been used to disrupt the polyketide synthase gene PKS4 (Wang et al. 2018). Moreover, both
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homology-independent targeted integration and homolog-dependent recombination integration
have been successfully developed (Wang and Coleman 2019).
Outlook
I have narrowed down the set of genes that are potentially required for pathogenicity of Fol, but
work is still needed to further define the minimal set of genes that confer pathogenicity towards
tomato. This may be done by using CRISPR/CAS to make targeted chromosomal deletions
and/or disrupt several genes at the same time. For the first time, I demonstrate that a single
gene confers host species specificity in Fo, supporting the hypothesis that effector-triggered
immunity (ETI) plays a dominant role in non-host resistance of species closely related to the
host (Schulze-Lefert and Panstruga 2011). It would be exciting to investigate the function and
interactions of the product of this gene and its homologs, and whether a single gene in Fom also
determine host species specificity in watermelon plants.

References
Bernstein, B. 1995. “Characteristics of Colletotrichum from Peach, Apple, Pecan, and Other Hosts.” Plant Disease
79(5):478.
Borah, Nilam, Emad Albarouki, and Jan Schirawski. 2018. “Comparative Methods for Molecular Determination of
Host-Specificity Factors in Plant-Pathogenic Fungi.” International Journal of Molecular Sciences 19(3):863.
Bourras, Salim, Lukas Kunz, Minfeng Xue, Coraline Rosalie Praz, Marion Claudia Müller, Carol Kälin, Michael
Schläfli, Patrick Ackermann, Simon Flückiger, Francis Parlange, Fabrizio Menardo, Luisa Katharina Schaefer,
Roi Ben-David, Stefan Roffler, Simone Oberhaensli, Victoria Widrig, Stefan Lindner, Jonatan Isaksson,
Thomas Wicker, Dazhao Yu, and Beat Keller. 2019. “The AvrPm3-Pm3 Effector-NLR Interactions Control
Both Race-Specific Resistance and Host-Specificity of Cereal Mildews on Wheat.” Nature Communications
10(1):2292.

6

Bourras, Salim, Kaitlin Elyse McNally, Roi Ben-David, Francis Parlange, Stefan Roffler, Coraline Rosalie Praz,
Simone Oberhaensli, Fabrizio Menardo, Daniel Stirnweis, Zeev Frenkel, Luisa Katharina Schaefer, Simon
Flückiger, Georges Treier, Gerhard Herren, Abraham B. Korol, Thomas Wicker, and Beat Keller. 2015.
“Multiple Avirulence Loci and Allele-Specific Effector Recognition Control the Pm3 Race-Specific Resistance
of Wheat to Powdery Mildew.” The Plant Cell tpc.15.00171.
Chen, Jingyang, Manas K. Ghorai, Grace Kenney, and JoAnne Stubbe. 2008. “Mechanistic Studies on BleomycinMediated DNA Damage: Multiple Binding Modes Can Result in Double-Stranded DNA Cleavage.” Nucleic
Acids Research 36(11):3781–90.
van Dam, Peter, Like Fokkens, Yu Ayukawa, Michelle van der Gragt, Anneliek ter Horst, Balázs Brankovics, Petra
M. Houterman, Tsutomu Arie, and Martijn Rep. 2017. “A Mobile Pathogenicity Chromosome in Fusarium
Oxysporum for Infection of Multiple Cucurbit Species.” Scientific Reports 7(1):9042.
van Dam, Peter, Mara de Sain, Anneliek ter Horst, Michelle van der Gragt, and Martijn Rep. 2017. “Use of
Comparative Genomics-Based Markers for Discrimination of Host Specificity in Fusarium Oxysporum” edited

162

General discussion
by E. R. Master. Applied and Environmental Microbiology 84(1).
van der Does, H. Charlotte, Like Fokkens, Ally Yang, Sarah M. Schmidt, Léon Langereis, Joanna M. Lukasiewicz,
Timothy R. Hughes, and Martijn Rep. 2016. “Transcription Factors Encoded on Core and Accessory
Chromosomes of Fusarium Oxysporum Induce Expression of Effector Genes” edited by E. H. Stukenbrock.
PLOS Genetics 12(11):e1006401.
Fokkens, Like, Shermineh Shahi, Lanelle R. Connolly, Remco Stam, Sarah M. Schmidt, Kristina M. Smith, Michael
Freitag, and Martijn Rep. 2018. “The Multi-Speed Genome of Fusarium Oxysporum Reveals Association of
Histone Modifications with Sequence Divergence and Footprints of Past Horizontal Chromosome Transfer
Events.” BioRxiv.
Fudal, I., S. Ross, L. Gout, F. Blaise, M. L. Kuhn, M. R. Eckert, L. Cattolico, S. Bernard-Samain, M. H. Balesdent,
and Thierry Rouxel. 2007. “Heterochromatin-Like Regions as Ecological Niches for Avirulence Genes in the
Leptosphaeria Maculans Genome: Map-Based Cloning of AvrLm6.” Molecular Plant-Microbe Interactions
20(4):459–70.
Gawehns, Fleur, Lisong Ma, Oskar Bruning, Petra M. Houterman, Sjef Boeren, Ben J. C. Cornelissen, Martijn Rep,
and Frank L. W. Takken. 2015. “The Effector Repertoire of Fusarium Oxysporum Determines the Tomato
Xylem Proteome Composition Following Infection.” Frontiers in Plant Science 6:967.
Gernand, Dorota, Twan Rutten, Alok Varshney, Myroslava Rubtsova, Slaven Prodanovic, Cornelia Brüß,
Jochen Kumlehn, Fritz Matzk, and Andreas Houben. 2005. “Uniparental Chromosome Elimination at
Mitosis and Interphase in Wheat and Pearl Millet Crosses Involves Micronucleus Formation, Progressive
Heterochromatinization, and DNA Fragmentation.” The Plant Cell 17(9):2431–38.
Ghanbarnia, Kaveh, Lisong Ma, Nicholas J. Larkan, Parham Haddadi, Wannakuwattewaduge Gerard Dilantha
Fernando, and Mohammad Hossein Borhan. 2018. “Leptosphaeria Maculans AvrLm9: A New Player in the
Game of Hide and Seek with AvrLm4-7.” Molecular Plant Pathology 19(7):1754–64.
Gonzalez-Cendales, Yvonne, Ann-Maree Catanzariti, Barbara Baker, Des J. Mcgrath, and David A. Jones. 2016.
“Identification of I -7 Expands the Repertoire of Genes for Resistance to Fusarium Wilt in Tomato to Three
Resistance Gene Classes.” Molecular Plant Pathology 17(3):448–63.
He, Chaozu, Anca G. Rusu, Agnieszka M. Poplawski, John A. G. Irwin, and John M. Manners. 1998. “Transfer of
a Supernumerary Chromosome between Vegetatively Incompatible Biotypes of the Fungus Colletotrichum
Gloeosporioides.” Genetics 150(4):1459–66.
Houterman, P. M., D. Speijer, H. L. Dekker, D. E. C. G. Koster, B. J. Cornelissen, and M. Rep. 2007. “The Mixed
Xylem Sap Proteome of Fusarium Oxysporum-Infected Tomato Plants.” Molecular Plant Pathology 8(2):215–
21.
Houterman, Petra M., Ben J. C. Cornelissen, and Martijn Rep. 2008. “Suppression of Plant Resistance Gene-Based
Immunity by a Fungal Effector” edited by B. P. Cormack. PLoS Pathogens 4(5):e1000061.
Houterman, Petra M., Lisong Ma, Gerben van Ooijen, Marianne J. de Vroomen, Ben J. C. Cornelissen, Frank L.
W. Takken, and Martijn Rep. 2009. “The Effector Protein Avr2 of the Xylem-Colonizing Fungus Fusarium
Oxysporum Activates the Tomato Resistance Protein I-2 Intracellularly.” The Plant Journal 58(6):970–78.
de Jonge, R., H. Peter van Esse, Karunakaran Maruthachalam, Melvin D. Bolton, Parthasarathy Santhanam, Mojtaba
Keykha Saber, Zhao Zhang, Toshiyuki Usami, Bart Lievens, Krishna V. Subbarao, and B. P. H. J. Thomma.
2012. “Tomato Immune Receptor Ve1 Recognizes Effector of Multiple Fungal Pathogens Uncovered by
Genome and RNA Sequencing.” Proceedings of the National Academy of Sciences 109(13):5110–15.
Juhas, Mario, Jan Roelof van der Meer, Muriel Gaillard, Rosalind M. Harding, Derek W. Hood, and Derrick
W. Crook. 2009. “Genomic Islands: Tools of Bacterial Horizontal Gene Transfer and Evolution.” FEMS
Microbiology Reviews 33(2):376–93.

163

6

Chapter 6
Kaushik, Itishree, Sharavan Ramachandran, and Sanjay K. Srivastava. 2019. “CRISPR-Cas9: A Multifaceted
Therapeutic Strategy for Cancer Treatment.” Seminars in Cell & Developmental Biology 96:4–12.
Kumar, Vinay and Mukesh Jain. 2015. “The CRISPR–Cas System for Plant Genome Editing: Advances and
Opportunities.” Journal of Experimental Botany 66(1):47–57.
Lanver, Daniel, Marie Tollot, Gabriel Schweizer, Libera Lo Presti, Stefanie Reissmann, Lay-Sun Ma, Mariana
Schuster, Shigeyuki Tanaka, Liang Liang, Nicole Ludwig, and Regine Kahmann. 2017. “Ustilago Maydis
Effectors and Their Impact on Virulence.” Nature Reviews Microbiology 15(7):409–21.
Lorrain, Cécile, Karen Cristine Gonçalves dos Santos, Hugo Germain, Arnaud Hecker, and Sébastien Duplessis. 2019.
“Advances in Understanding Obligate Biotrophy in Rust Fungi.” New Phytologist 222(3):1190–1206.
Luo, C. X., Y. Fujita, N. Yasuda, K. Hirayae, T. Nakajima, N. Hayashi, M. Kusaba, and H. Yaegashi. 2004.
“Identification of Magnaporthe Oryzae Avirulence Genes to Three Rice Blast Resistance Genes.” Plant Disease
88(3):265–70.
Ma, Li-Jun, H. Charlotte van der Does, Katherine A. Borkovich, Jeffrey J. Coleman, Marie-Josée Daboussi, Antonio
Di Pietro, Marie Dufresne, Michael Freitag, Manfred Grabherr, Bernard Henrissat, Petra M. Houterman,
Seogchan Kang, Won-Bo Shim, Charles Woloshuk, Xiaohui Xie, Jin-Rong Xu, John Antoniw, Scott E. Baker,
Burton H. Bluhm, Andrew Breakspear, Daren W. Brown, Robert A. E. Butchko, Sinead Chapman, Richard
Coulson, Pedro M. Coutinho, Etienne G. J. Danchin, Andrew Diener, Liane R. Gale, Donald M. Gardiner,
Stephen Goff, Kim E. Hammond-Kosack, Karen Hilburn, Aurélie Hua-Van, Wilfried Jonkers, Kemal Kazan,
Chinnappa D. Kodira, Michael Koehrsen, Lokesh Kumar, Yong-Hwan Lee, Liande Li, John M. Manners,
Diego Miranda-Saavedra, Mala Mukherjee, Gyungsoon Park, Jongsun Park, Sook-Young Park, Robert H.
Proctor, Aviv Regev, M. Carmen Ruiz-Roldan, Divya Sain, Sharadha Sakthikumar, Sean Sykes, David C.
Schwartz, B. Gillian Turgeon, Ilan Wapinski, Olen Yoder, Sarah Young, Qiandong Zeng, Shiguo Zhou, James
Galagan, Christina A. Cuomo, H. Corby Kistler, and Martijn Rep. 2010. “Comparative Genomics Reveals
Mobile Pathogenicity Chromosomes in Fusarium.” Nature 464(7287):367–73.
Ma, Lisong, Petra M. Houterman, Fleur Gawehns, Lingxue Cao, Fabiano Sillo, Hanna Richter, Myriam J. ClavijoOrtiz, Sarah M. Schmidt, Sjef Boeren, Jacques Vervoort, Ben J. C. Cornelissen, Martijn Rep, and Frank L. W.
Takken. 2015. “The AVR2-SIX5 Gene Pair Is Required to Activate I-2 -Mediated Immunity in Tomato.” New
Phytologist 208(2):507–18.
Mantere, Tuomo, Simone Kersten, and Alexander Hoischen. 2019. “Long-Read Sequencing Emerging in Medical
Genetics.” Frontiers in Genetics 10.
Mehrabi, Rahim, Ali H. Bahkali, Kamel A. Abd-Elsalam, Mohamed Moslem, Sarrah Ben M’Barek, Amir Mirzadi
Gohari, Mansoor Karimi Jashni, Ioannis Stergiopoulos, Gert H. J. Kema, and Pierre J. G. M. de Wit. 2011.

6

“Horizontal Gene and Chromosome Transfer in Plant Pathogenic Fungi Affecting Host Range.” FEMS
Microbiology Reviews 35(3):542–54.
Mesarich, Carl H., Scott A. Griffiths, Ate van der Burgt, Bilal Ökmen, Henriek G. Beenen, Desalegn W. Etalo,
Matthieu H. A. J. Joosten, and Pierre J. G. M. de Wit. 2014. “Transcriptome Sequencing Uncovers the Avr5
Avirulence Gene of the Tomato Leaf Mold Pathogen Cladosporium Fulvum.” Molecular Plant-Microbe
Interactions 27(8):846–57.
Michielse, Caroline B., Ringo van Wijk, Linda Reijnen, Erik M. M. Manders, Sonja Boas, Chantal Olivain, Claude
Alabouvette, and Martijn Rep. 2009. “The Nuclear Protein Sge1 of Fusarium Oxysporum Is Required for
Parasitic Growth” edited by B. J. Howlett. PLoS Pathogens 5(10):e1000637.
Müller, Marion C., Coraline R. Praz, Alexandros G. Sotiropoulos, Fabrizio Menardo, Lukas Kunz, Seraina Schudel,
Simone Oberhänsli, Manuel Poretti, Andreas Wehrli, Salim Bourras, Beat Keller, and Thomas Wicker. 2019.
“A Chromosome-scale Genome Assembly Reveals a Highly Dynamic Effector Repertoire of Wheat Powdery

164

General discussion
Mildew.” New Phytologist 221(4):2176–89.
Petit-Houdenot, Yohann, Alexandre Degrave, Michel Meyer, Françoise Blaise, Bénédicte Ollivier, Claire-Line Marais,
Alain Jauneau, Corinne Audran, Susana Rivas, Claire Veneault-Fourrey, Hortense Brun, Thierry Rouxel,
Isabelle Fudal, and Marie-Hélène Balesdent. 2019. “A Two Genes – for – One Gene Interaction between
Leptosphaeria Maculans and Brassica Napus.” New Phytologist 223(1):397–411.
Plaumann, Peter-Louis, Johannes Schmidpeter, Marlis Dahl, Leila Taher, and Christian Koch. 2018. “A Dispensable
Chromosome Is Required for Virulence in the Hemibiotrophic Plant Pathogen Colletotrichum Higginsianum.”
Frontiers in Microbiology 9.
Plissonneau, Clémence, Thierry Rouxel, Anne-Marie Chèvre, Angela P. Van De Wouw, and Marie-Hélène Balesdent.
2018. “One Gene-One Name: The AvrLmJ1 Avirulence Gene of Leptosphaeria Maculans Is AvrLm5.”
Molecular Plant Pathology 19(4):1012–16.
Prasad, Pramod, Siddanna Savadi, S. C. Bhardwaj, O. P. Gangwar, and Subodh Kumar. 2019. “Rust Pathogen
Effectors: Perspectives in Resistance Breeding.” Planta 250(1):1–22.
Rep, Martijn, H. Charlotte Van Der Does, Michiel Meijer, Ringo Van Wijk, Petra M. Houterman, Henk L. Dekker,
Chris G. De Koster, and Ben J. C. Cornelissen. 2004. “A Small, Cysteine-Rich Protein Secreted by Fusarium
Oxysporum during Colonization of Xylem Vessels Is Required for I-3-Mediated Resistance in Tomato.”
Molecular Microbiology 53(5):1373–83.
Rouxel, Thierry and Marie Hélène Balesdent. 2017. “Life, Death and Rebirth of Avirulence Effectors in a Fungal
Pathogen of Brassica Crops, Leptosphaeria Maculans.” New Phytologist 214(2):526–32.
Sabelleck, Björn and Ralph Panstruga. 2018. “Novel Jack-in-the-Box Effector of the Barley Powdery Mildew
Pathogen?” Journal of Experimental Botany 69(15):3511–14.
Schmidt, Sarah M., Petra M. Houterman, Ines Schreiver, Lisong Ma, Stefan Amyotte, Biju Chellappan, Sjef Boeren,
Frank L. W. Takken, and Martijn Rep. 2013a. “MITEs in the Promoters of Effector Genes Allow Prediction of
Novel Virulence Genes in Fusarium Oxysporum.” BMC Genomics 14(1):119.
Schmidt, Sarah M., Petra M. Houterman, Ines Schreiver, Lisong Ma, Stefan Amyotte, Biju Chellappan, Sjef Boeren,
Frank L. W. Takken, and Martijn Rep. 2013b. “MITEs in the Promoters of Effector Genes Allow Prediction of
Novel Virulence Genes in Fusarium Oxysporum.” BMC Genomics 14(1):119.
Schmidt, Sarah Maria, Joanna Lukasiewicz, Rhys Farrer, Peter van Dam, Chiara Bertoldo, and Martijn Rep. 2016.
“Comparative Genomics of Fusarium Oxysporum f. Sp. Melonis Reveals the Secreted Protein Recognized by
the Fom-2 Resistance Gene in Melon.” New Phytologist 209(1):307–18.
Schulze-Lefert, Paul and Ralph Panstruga. 2011. “A Molecular Evolutionary Concept Connecting Nonhost Resistance,
Pathogen Host Range, and Pathogen Speciation.” Trends in Plant Science 16(3):117–25.
Schuster, Mariana and Regine Kahmann. 2019. “CRISPR-Cas9 Genome Editing Approaches in Filamentous Fungi
and Oomycetes.” Fungal Genetics and Biology 130:43–53.
Selin, Carrie, Teresa R. de Kievit, Mark F. Belmonte, and W. G. Dilantha Fernando. 2016. “Elucidating the Role of
Effectors in Plant-Fungal Interactions: Progress and Challenges.” Frontiers in Microbiology 7.
Shahi, Shermineh, Bas Beerens, Martin Bosch, Jasper Linmans, and Martijn Rep. 2016. “Nuclear Dynamics and
Genetic Rearrangement in Heterokaryotic Colonies of Fusarium Oxysporum.” Fungal Genetics and Biology
91:20–31.
Singh, Pankaj Kumar, Soham Ray, Shallu Thakur, Rajeev Rathour, Vinay Sharma, and Tilak Raj Sharma. 2018. “CoEvolutionary Interactions between Host Resistance and Pathogen Avirulence Genes in Rice-Magnaporthe
Oryzae Pathosystem.” Fungal Genetics and Biology 115:9–19.
Takken, Frank L. W., Ringo van Wijk, Caroline B. Michielse, Petra M. Houterman, Arthur F. J. Ram, and Ben J. C.
Cornelissen. 2004. “A One-Step Method to Convert Vectors into Binary Vectors Suited for Agrobacterium-

165

6

Chapter 6
Mediated Transformation.” Current Genetics 45(4):242–48.
Takken, Frank and Martijn Rep. 2010. “The Arms Race between Tomato and Fusarium Oxysporum.” Molecular Plant
Pathology 11(2):309–14.
Toruño, Tania Y., Ioannis Stergiopoulos, and Gitta Coaker. 2016. “Plant-Pathogen Effectors: Cellular Probes
Interfering with Plant Defenses in Spatial and Temporal Manners.” Annual Review of Phytopathology
54(1):419–41.
Tsuge, Takashi, Yoshiaki Harimoto, Kazuya Akimitsu, Kouhei Ohtani, Motoichiro Kodama, Yasunori Akagi,
Mayumi Egusa, Mikihiro Yamamoto, and Hiroshi Otani. 2013. “Host-Selective Toxins Produced by the Plant
Pathogenic Fungus Alternaria Alternata.” FEMS Microbiology Reviews 37(1):44–66.
Vlaardingerbroek, Ido, Bas Beerens, Laura Rose, Like Fokkens, Ben J. C. Cornelissen, and Martijn Rep. 2016.
“Exchange of Core Chromosomes and Horizontal Transfer of Lineage-Specific Chromosomes in Fusarium
Oxysporum.” Environmental Microbiology 18(11):3702–13.
Vlaardingerbroek, Ido, Bas Beerens, Sarah M. Schmidt, Ben J. C. Cornelissen, and Martijn Rep. 2016. “Dispensable
Chromosomes in Fusarium Oxysporum f. Sp. Lycopersici.” Molecular Plant Pathology 17(9):1455–66.
Vlaardingerbroek, Ido, Bas Beerens, Shermineh Shahi, and Martijn Rep. 2015. “Fluorescence Assisted Selection of
Transformants (FAST): Using Flow Cytometry to Select Fungal Transformants.” Fungal Genetics and Biology
76:104–9.
Wang, Qiang, Paul A. Cobine, and Jeffrey J. Coleman. 2018. “Efficient Genome Editing in Fusarium Oxysporum
Based on CRISPR/Cas9 Ribonucleoprotein Complexes.” Fungal Genetics and Biology 117:21–29.
Wang, Qiang and Jeffrey J. Coleman. 2019. “CRISPR/Cas9-Mediated Endogenous Gene Tagging in Fusarium
Oxysporum.” Fungal Genetics and Biology 126:17–24.
Wang, Xuli, Nan Jiang, Jinling Liu, Wende Liu, and Guo-Liang Wang. 2014. “The Role of Effectors and Host
Immunity in Plant–Necrotrophic Fungal Interactions.” Virulence 5(7):722–32.
de Wit, Pierre J. G. M. 2016. “Cladosporium Fulvum Effectors: Weapons in the Arms Race with Tomato.” Annual
Review of Phytopathology 54(1):1–23.
Yan, Xia and Nicholas J. Talbot. 2016. “Investigating the Cell Biology of Plant Infection by the Rice Blast Fungus
Magnaporthe Oryzae.” Current Opinion in Microbiology 34:147–53.
Yehuda, Pnina Ben, Tamar Eilam, Jacob Manisterski, Ayelet Shimoni, and Yehoshua Anikster. 2004. “Leaf Rust on
Aegilops Speltoides Caused by a New Forma Specialis of Puccinia Triticina.” Phytopathology 94(1):94–101.

6

166

Summary

Summary

Fusarium oxysporum (Fo) is a soil-borne fungal species which can cause disease in more than
120 plant species, some which are economically important crops, such as banana, tomato and
cotton. It is considered to be one of the top 10 most important fungal pathogens based on economic and scientific importance. Even though Fo can cause disease on many plants, most strains
isolated from soil or non-symptomatic plants are non-pathogenic. Those strains that are pathogenic can only infect one or a few related plant species. For example, strains causing disease
in tomato cannot cause disease in cucumber and vice versa. The main question that I address
in this thesis is: what determines the ability of a strain to cause disease in one plant species but
not in others?
To colonize host plants, Fo first penetrates the root epidermis, colonizes the root cortex and
eventually reaches the vasculature, through which it can spread quickly to the entire plant. In
non-host plants, Fo is generally restricted to the outer cell layer of the root, but in some cases,
it is able to reach the vasculature of the roots and is then restricted there. The latter scenario
is demonstrated in Chapter 4: melon-infecting strains cannot cause disease in cucumber and
watermelon plants, but I found that it was able to reach the vasculature of cucumber and watermelon roots, while further growth to the upper part of the plants was not observed.
Like other plant pathogenic fungi, Fo secretes small proteins to facilitate colonization of host
plants. These small proteins can act outside or inside of the plant cell to suppress the plant
immune system or protect the fungus against plant defense compounds. In tomato infecting
strains, a total of 14 secreted in xylem (Six) proteins, also called effectors, have been identified
and several of these have been shown to contribute to virulence. However, some effectors do
not contribute to virulence, suggesting functional redundancy. I confirmed this functional redundancy of effectors in Chapter 3 (see below), and in Chapter 4, I show that deletion of SIX6 in
melon-infecting strains has no effect on virulence.
Remarkably, genes that encode the 14 secreted proteins in tomato-infecting strains (Fol) are all
located on the same chromosome, and this chromosome is required for pathogenicity. Therefore,
this chromosome is called the pathogenicity chromosome for tomato plants. Earlier research
had shown that a large part of the pathogenicity chromosome is not required for pathogenicity,
including SIX6, SIX9 and SIX11, suggesting the remaining part is essential for pathogenicity.
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In Chapter 3, I further narrow down the region that is required for pathogenicity. Using newly
selected chromosome deletion strains, I confirm that the complete long arm of the pathogenicity
chromosome (with SIX6, SIX9 and SIX11) is not required for virulence, and further demonstrate
that part of the short arm is also not required for virulence, including the SIX10/12/7 gene cluster. The remaining part of the pathogenicity chromosome contains approximately 80 protein-encoding genes, several of which, including SIX1, SIX3 and SIX5, may contribute to virulence.
Fo is a presumed asexual fungal species, which means that the generation of genetic variation is
not possible through a sexual cycle. However, Fo has alternative ways to create genetic variation
to adapt to the changing environment. The genome of Fo is compartmentalized, containing a
conserved core genome and a highly variable accessory genome which can include (a) pathogenicity chromosome(s). The accessory genome is enriched in transposons and does not contain
genes essential for survival, so the accessory genomic regions can act as a cradle for genomic innovations. Accordingly, deletions, rearrangements, and a high incidence of point mutations have
been observed in accessory regions. In Chapter 3, I assess the stability of the Fol pathogenicity
chromosome, and found that different parts of the pathogenicity chromosome can be frequently
lost and/or duplicated. Deletions and duplications were also observed in the core genome, but
with lower frequency and mainly at the end of the chromosomes (subtelomeric regions), which
could in fact be considered as being ‘accessory’. In addition, I found that deletions and duplications primarily occurred in or close to repetitive sequences, confirming the notion that repeats
contribute to genome instability.
Horizontal gene and chromosome transfer have also been shown to contribute to genetic variation in fungi and can have a dramatic effect on the phenotype. Horizontal chromosome transfer
(HCT) had been demonstrated earlier in Fo, including Fol and cucumber, melon and watermelon-infecting strains, Fusarium oxyporum f.sp. radicis-cucumerinum (Forc). The pathogenicity
chromosome in these strains can be transferred to a non-pathogen, turning the latter into a tomato infecting strain or a cucumber, melon and watermelon- infecting strain, respectively.
In Chapter 3, I investigate the transferability of smaller versions of the Fol pathogenicity chromosome. It turned out that these smaller versions can also be transferred to a non-pathogen, and
surprisingly, lead to higher virulence than the complete pathogenicity chromosome. This may
suggest that virulence suppressing sequences are present in the ‘lost’ part of the pathogenicity
chromosome.
In Chapter 4, I demonstrate that chromosomes can also be transferred from melon-infecting
strains to a non-pathogenic strain, turning the latter into a melon-infecting strain. In this case,
more than one chromosome was transferred. One transferred chromosome, chrMLN, is very simi168
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lar to the mobile pathogenicity chromosome chrRC in Forc. I show that differences between these
transferred chromosomes determine the difference in host range between Forc and Fom.
In Chapter 5, I further investigate individual genes that differ between chrMLN and chrRC and
could therefore be involved in the host range difference between Forc and Fom. We had two hypotheses: first, extra virulence genes on chrRC – absent in chrMLN – determine virulence towards
cucumber and watermelon; second, a gene on chrMLN but absent on chrRC encodes a protein that
can be recognized by an immune receptor of cucumber and watermelon plants, causing non-host
resistance. It turned out that the tested virulence candidate genes from chrRC could not turn Fom
into a cucumber- or watermelon-infecting strain, while a single gene from Fom was able to turn
Forc non-pathogenic towards cucumber plants.
To sum up, the results presented in this thesis have brought new insights into the determinants
of host-specific pathogenicity in Fo.
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Fusarium oxysporum (Fo) is een bodemschimmel die ziekte kan veroorzaken in meer dan 120
verschillende plantensoorten, waaronder gewassen van groot economisch belang zoals banaan,
tomaat en katoen. Fo behoort tot de top tien van meest schadelijke schimmelziektes, maar wordt
ook geïsoleerd uit de bodem en uit planten die geen symptomen van ziekte vertonen. Veel isolaten zijn dus niet pathogeen. Degene die wel ziekteverwekkend zijn, kunnen meestal maar één of
een paar nauw verwante plantensoorten infecteren: ze zijn gastheer-specifiek. Isolaten die ziekte
verwekken in tomaat, bijvoorbeeld, kunnen geen ziekte verwekken in komkommer en vice versa. De hoofdvraag van dit proefschrift is welke genetische factoren in Fo de gastheer-voorkeur
van Fo bepalen.
Om een plant te koloniseren, dringt Fo eerst de buitenste cellaag - de epidermis - binnen, vestigt
zich vervolgens in de cellaag daar onder - de cortex - en bereikt uiteindelijk het vaatstelsel waardoor Fo zich snel door de hele plant kan verspreiden. In planten die geen gastheer zijn bereikt
Fo meestal alleen de buitenste cellaag van de wortel. In sommige gevallen echter, bereikt Fo
wel het vaatstelsel, maar komt vanaf daar niet verder. Dit laatste scenario wordt beschreven in
Hoofdstuk 4, waarin ik vond dat meloen-infecterende isolaten, hoewel ze geen symptomen van
ziekte veroorzaken in watermeloen- of komkommerplanten, wel het vaatstelsel in de wortels
van deze planten kunnen koloniseren, maar de hogere delen van de plant niet bereiken.
Net als andere schimmels die ziekte verwekken in planten, scheidt Fo kleine eiwitten uit die
kolonisatie van de gastheer faciliteren. Deze kleine eiwitten, ook wel effectoren genoemd, functioneren zowel binnen als buiten de plantencel, waar ze het immuunsysteem van de plant onderdrukken of de schimmel beschermen tegen eventuele schadelijke stoffen die de gastheer
uitscheidt. In het xyleemsap van tomaat zijn 14 eiwitten, genaamd Six eiwitten (naar Secreted
in xylem), van een tomaat-infecterend Fo isolaat (Fusarium oxysporum f. sp. lycopersici, hierna
afgekort tot Fol) geïdentificeerd, waarvan voor een aantal is bewezen dat ze bijdragen aan virulentie. Sommige van deze effectoren echter lijken geen invloed te hebben op het verloop van
een infectie. In Hoofdstuk 3 en in Hoofdstuk 4 bespreek ik hier een nieuw voorbeeld van: ik
laat zien dat deletie van SIX6 in meloen-infecterende eiwitten geen effect heeft op virulentie op
meloen.
De genen die voor de 14 uitgescheiden Six eiwitten coderen in Fol liggen allemaal op één en
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hetzelfde chromosoom. Dit chromosoom is noodzakelijk voor het kunnen verwekken van ziekte
in deze gastheer en wordt daarom ook het Fol ‘pathogeniteitschromosoom’ genoemd. Uit eerder onderzoek blijkt dat een deel van chromosoom 14, inclusief SIX6, SIX9 en SIX11, weinig
invloed heeft op infectie van tomaat. Dit suggereert dat de belangrijkste factoren voor virulentie
in tomaat op het andere deel van dit chromosoom liggen. In Hoofdstuk 3 heb ik het gebied op
chromosoom 14 dat noodzakelijk is voor pathogeniteit nog verder weten te reduceren. Ik heb
lijnen geselecteerd waarin verschillende delen van het tomaat pathogeniteitschromosoom verloren zijn gegaan en kon daarmee bevestigen dat de lange arm van dit chromosoom (met daarop
SIX6, SIX9 en SIX11) niet nodig is voor pathogeniteit. Bovendien laat ik zien dat ook een deel
van de korte arm, inclusief het SIX10/12/7 gen-cluster, niet noodzakelijk is voor virulentie op
tomaat. Het deel dat overblijft bevat ongeveer 80 genen die voor een eiwit coderen, waaronder
SIX1, SIX3 en SIX8. Meerdere van die eiwitten kunnen bijdragen aan virulentie.
Fo lijkt een aseksuele schimmel te zijn. Dit betekent dat het creëren van genetische variatie
tijdens de seksuele cyclus niet mogelijk is. Fo heeft echter andere manieren om genetische variatie te genereren en zich aan te passen aan een veranderende omgeving. Het genoom van Fo is
gecompartimentaliseerd: het bestaat uit een geconserveerd ‘core’ (kern) genoom en een variabel
‘accessory’ (bijkomend) genoom. Dit laatste kan o.a. één of meerdere pathogeniteitschromosomen bevatten. Het ‘accessory’ genoom bevat relatief veel transposons maar geen essentiële
genen, en kan dus als een broedplaats voor innovatie functioneren. Het feit dat o.a. deleties,
translocaties en duplicaties veelvuldig voorkomen op dit deel van het genoom is hiermee in
overeenstemming. In Hoofdstuk 3 heb ik de stabiliteit van het pathogeniteitschromosoom van
Fol bekeken en gevonden dat delen van dit chromosoom vaak worden gedupliceerd en/of verloren. In het ‘core’ genoom vinden ook wel duplicaties en deleties plaats, maar minder vaak en
met name aan de uiteinden, de subtelomeren, die dan ook als ‘accessory’ beschouwd kunnen
worden. Ik heb ook gevonden dat deleties en duplicaties voornamelijk in of dichtbij repetitieve
sequenties zoals transposons voorkwamen. Dit is in overeenstemming met de hypothese dat dat
soort sequenties bijdragen aan instabiliteit van het genoom.
Ook horizontale overdracht van genen en chromosomen draagt bij aan genetische variatie in
schimmels en kan een fenotype drastisch veranderen. Horizontale overdracht van chromosomen
is vastgesteld in verschillende Fo isolaten, o.a. in Fol en een meloen-, komkommer- en watermeloen-infecterend isolaat (Fusarium oxysporum f. sp. radicis-cucumerinum, hierna afgekort
tot Forc). Het pathogeniteitschromosoom van deze isolaten kan worden overgedragen naar een
isolaat dat geen ziekte verwekt. Als gevolg daarvan wordt deze pathogeen op de gastheer van de
donor van het pathogeniteitschromosoom.
In Hoofdstuk 3 heb ik de overdraagbaarheid van kortere versies van het pathogeniteitschromo172
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soom van Fol onderzocht. Het bleek dat deze kortere versies ook overgedragen kunnen worden
naar een niet-pathogeen isolaat en tot mijn verbazing leidde dit tot een hogere virulentie dan
overdracht van een compleet pathogeniteitschromosoom. Dit suggereert dat sommige sequenties op het verloren deel van het pathogeniteitschromosoom virulentie onderdrukken.
In Hoofdstuk 4 laat ik zien dat ook chromosomen van een meloen-infecterend isolaat (Fusarium oxysporum f. sp. melonis, hierna afgekort tot Fom) naar een niet-pathogeen isolaat
overgedragen kunnen worden. In dit geval werd er steeds meer dan één chromosoom tegelijk
overgedragen. Eén van die overgedragen chromosomen, chrMLN, lijkt heel sterk op het mobiele
pathogeniteitschromosoom chrRC in Forc. Ik laat zien dat verschillen tussen deze overgedragen
chromosomen, chrRC en chrMLN, bepalend zijn voor het verschil in gastheer-voorkeur tussen Forc
en Fom.
In Hoofdstuk 5 heb ik nader onderzoek gedaan naar verschillen tussen chrRC en chrMLN, waarbij
ik heb gekeken naar individuele genen die anders zijn op die chromosomen en dus betrokken
kunnen zijn bij het verschil in gastheer-voorkeur. We hadden twee hypothesen. Ten eerste zouden extra virulentiegenen op chrRC – afwezig in chrMLN – infectie van komkommer en watermeloen kunnen bevorderen. Ten tweede zou een gen op chrMLN, dat afwezig is op chrRC, kunnen
coderen voor een eiwit dat herkend kan worden door een immuunreceptor in komkommer en
watermeloen planten, hetgeen zorgt voor resistentie tegen Fom. Het bleek dat geen van de kandidaat virulentiegenen op chrRC Fom kon veranderen in een ziekteverwekker op komkommer
of watermeloen, terwijl een enkel gen op chrMLN ervoor kon zorgen dat Forc geen komkommerplanten meer kon infecteren.
In het kort: de resultaten die in dit proefschrift beschreven zijn geven nieuwe inzichten in wat
de gastheer-voorkeur van Fo bepaalt.
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